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ABSTRACT

DETERMINATION OF PHENOLICS CONCENTRATION USING CROSS-
LINKED PHENOL OXIDASE AGGREGATES

Ertiirk, Bedriye Durhan
M.S., Department of Chemical Engineering
Supervisor: Prof. Dr. Ufuk Bakir

June 2008, 109 pages

The main object of the presented study was investigation of the use of cross-linked
enzyme (tyrosinase) aggregates (CLTA) obtained from crude mushroom extract for a
rapid phenolic content analysis in wines. In addition, a comparison of phenolic
characteristics of Turkish red wines was performed. Reproducible and reliable results
in total phenolic measurement were obtained with CLTAs similar to pure tyrosinase
and tyrosinase obtained from crude mushroom extract. Measurement of total
phenolic content is possible both in standard solutions and in complex matrices, such
as wine. In a very short time period, 10 seconds, phenolics content in red and white
wines produced from grapes of Turkey were investigated by using CLTAs. Results
were consistent when compared to a well known phenolic measurement method,
Folin-Ciocalteau. CLTAs exhibited very high operational stability and retained more
than 90% of its activity after 30™ use. Moreover, it showed good shelf-life stability
for about 2 months storage by maintaining 90% of its maximum activity. So, use of

CLTAs prepared from crude mushroom extract is an effective, fast and cheap

v



alternative in total phenolics measurements in wines. Moreover, a novel catalase
phenoloxidase (CATPO) produced by a fungal microorganism, Scytalidium
thermophilum, was studied to check its capabilities in phenolics measurements. This
novel catalase phenol oxidase showed similarly good results, exhibiting wide-

substrate selectivity.

Keywords: Wine, phenol oxidase, immobilization, cross-linked tyrosinase aggregate

(CLTA), phenolic compounds.
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CAPRAZ BAGLANMIS FENOL OKSIDAZ COKELTILERIYLE FENOLIK
KONSANTRASYON OLCUMU

Ertiirk, Bedriye Durhan
Yiiksek Lisans, Kimya Miithendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Ufuk Bakir

Haziran 2008, 109 sayfa

Bu calismanin amaci, ham mantar oziitiinden elde edilmis capraz bagh enzim
(tirosinaz) c¢okeltilerinin (CBTC) saraplardaki hizli fenolik madde tayininde
kullaniliminin arastirilmasidir. Buna ek olarak, kirmizi Tiirk saraplarimin fenolik
karakteristiklerinin karsilatirillmasi gerceklestirilmistir. CBTC’ler, saf tirosinaz ve
ham mantar 6ziitiinden elde edilen tirosinazlarla benzer olarak toplam fenol miktar
Olciimiinde giivenilir ve tekrarlanabilir sonuclar vermistir. Toplam fenol miktarinin
Olciimii hem standart soliisyonlarda hem de gercek sarap drneklerinde miimkiindiir.
Yontemin toplam fenol miktar1 6l¢iimiinde 10 saniye gibi kisa bir reaksiyon siiresi
icinde gerceklestirilmesi halinde dahi etkin oldugu kamtlanmistir. Cesitli Tiirk
tiziimlerinden iiretilen kirmizi ve beyaz saraplardaki toplam fenol miktarlari, 10
saniye gibi kisa bir siirede CBTC’ler kullanilarak 6l¢iilmiistiir. Sonuglarin, iyi bilinen
bir fenolik madde ol¢glim yontemi olan Folin-Ciocalteau metodu ile
karsilastirlldiginda, tutarli oldugu goriilmiistiir. CBTC’ler oldukga yiiksek islemsel

kararlilik gostermis ve 30. kullanimdan sonra bile aktivitesinin %90’ 1n1 korumustur.
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Ayrica, 2 aylik bir siirede maksimum aktivitesinin %90’ mindan fazlasini koruyarak,
oldukca iyi bir raf Omrii kararliligt goOstermistir. Saraplardaki fenolik madde
Olciimiinde CBTC kullanimu etkili, hizli ve diigiik maliyetli bir alternatif yontemdir.
Buna ilaveten, Scytalidium thermophilum adli fungal bir mikrooragnizma tarafindan
iretilen katalaz fenoloksidaz (KATFO), fenolik 6lctimlerdeki kabiliyetleri agisindan
arastirildi. Bu yeni katalaz-fenol oksidaz da diisiik secicilik sergileyerek benzer

sekilde iyi sonuglar ortaya koymustur.

Keywords: Sarap, fenol oksidaz, tutuklama, ¢apraz baglanmis tirosinaz ¢okeltileri
(CBTCQ), fenolik bilesikler.
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CHAPTER 1

INTRODUCTION

1.1 Wine Phenolics

Wine is a complex food product composed of 80-90% water and 8—14% ethanol.
The remainder is comprised of hundreds of other components. Phenolics make up
only 1-5% of the compounds found in wine, but are important due to their
contribution towards appearance, taste, mouthfeel, and potential health benefits. The
phenolic content of wine is influenced by many factors, including grape cultivar,
environment, vineyard management and vinification practices (Lee and Tarara,

2007).

Importance and popularity of phenolic content of wines are due to two reasons:
quality and health. Phenolic compounds are responsible for some major properties of
wines, in particular, color and astringency. Thus optimization of phenolic contents of
wine is important in terms of the quality of wine. Moreover, growing evidence of the
role of free radicals and antioxidants in health and aging has focused great interest on
these compounds. Free radicals are extremely harmful to living organisms in that
they attack different constituents of the cell, which leads to acceleration of the aging
process and sometimes, even cell destruction. Nutritional importance of polyphenols
in wine is attributed to their activity, based on their ideal chemical structure for free
radical scavenging (De Gaulejac et al., 1999). In addition to that, many studies
reported the inhibition of oxidation low density lipoproteins (LDLs) by phenolic
compounds in red wine in vitro, demonstrating also that the consumption of

beverages rich in polyphenols is associated to the increase in plasma antioxidant



potential and therefore to the prevention of coronary heart diseases (Frankel ef al.,

1993;Kondo et al., 1994)

Phenolics are secondary metabolites of plants, meaning they are not directly involved
in plant’s survival. Phenolics are formed from the essential amino acid,
phenylalanine, thru the phenylpropanoid biosynthetic pathway. Phenolic compounds
constitute a very diverse group; more than 4,000 have been identified. These
compounds have been linked to several functions in plants: protection from UV
radiation, pigmentation (coloration), defense against invading pathogens (antifungal

properties), nodule protection, and attraction of pollinators and seed dispersers.

Phenols or phenolics include all the substances. Simple phenols (Tablel.1) include
those compounds that have a single aromatic ring containing one or more hydroxyl
groups, a common example being caffeic acid. Polyphenolic compounds are those
that have multiple phenol rings within the structure, and examples include catechin
and ellagic acid. Flavonoids have a very specific three-ring structure. Tannin is a
functional term which describes substances that are used to tan hide to leather. Many
phenolic compounds have this property, although traditional phenol- containing
tannins are natural plant extracts which contain a complex mixture of high molecular
weight polyphenolic compounds. Tannin is often used loosely to describe high
molecular weight phenolic mixtures. The term condensed tannin refers to mixtures of
polymers of flavonoids and hydrolyzable tannin refers to gallic- or ellagic-acid—
based mixtures, also called gallotannins or ellagitannins, respectively (Waterhouse,

2002).

The total amount of phenols found in a glass of red wine is on the order of 200 mg
versus about 40 mg in a glass of white wine. Wine phenolics are grouped into two

categories, the flavonoids and non-flavonoids.



1.1.1 Non-Flavonoids

In summary the non-flavonoids are listed with examples and general comments.
Non-flavonoids, as the name would indicate, lack the flavan ring. These antioxidants
found in wines have recently been of particular interest because they appear to help
prevent arteries from becoming clogged with fatty blockages. Resveratrol is the non-

flavonoid that researchers are most interested in.

Table 1.1 Simple Phenols

Structure

MNames

Motes

Phenol (hydroxybenzensa)

Pyrocatechol,
(1.2 dihydroxybenzene).
Mote: when a 1.2 dihydroxy

Rare in natural products
but abundant in sore throat
Sprays

Easily oxidized to o-quinone.
Also called catechol:
this same term has been

functional group is present, used for catechin

OH
OH
OH
itis called a catechol group
OCH Anisole (methoxybenzene)

3

1.1.1.1 Hydroxycinnamic Acids

These are the major phenols in grape juice and the major class of phenolics in white
wine. These materials are also the first to be oxidized and subsequently initiate
browning, a problem in white wines. There are three common hydroxycinnamates in

grapes and wine, those based on coumaric acid (mono 4-hydroxy), caffeic acid



(catechol substitution), and ferulic acid (guaiacyl substitution) (Figure 1.1). Levels of
total hydroxycinnamates in finished wine are typically 130 mg/L in whites and 60

mg/L in reds (Waterhouse, 2002).

O COH

OH
A

COH

Caftaric Acid

HO
OH

O COH
OH

AL
COH

HO Coutaric Acid

0 COH

OH
=g

CO,H

Ke) Fertaric Acid
HQC

HO

Figure 1.1 Three of the hydroxycinnamates in wine

1.1.1.2 Benzoic Acids

These are a minor component in new wines. Gallic acid appears from the hydrolysis
of gallate esters of hydrolyzable tannins and condensed tannin after standing for at
least a few months. Gallic acid appears to be stable during aging, as it is one phenolic
compound readily visible by chromatographic analysis of older red wines. Its levels
in red wine average near around 70 mg/L, while white wines average near 10 mg/L

(Waterhouse and Teissedre, 1997). Gallic Acid is a powerful antioxidant, working to



stop free radical damage to cells. Tests showed that it inhibited cell proliferation and

apoptosis (cell death) in prostate cancer cells (Waterhouse, 2002).

1.1.1.3 Hydrolyzable Tannins

Hydrolyzable tannins are ester-linked oligomers of gallic acid or ellagic acid with

glucose or other sugars (Figure 1.2).

Figure 1. 2 An ellagitannin from oak

Because of the ester linkage, they are referred to as “hydrolyzable”. There are two
categories, the gallotannins and the ellagitannins which contain either gallic acid or
ellagic acid (Waterhouse, 2002). Gallic acid is quite soluble and is found in all aged
red wines, and it comes from both hydrolyzable tannins and the condensed tannins
found in grape seeds. In wine hydrolyzable tannins come from oak and levels are
near 100 mg/L for white wines aged for about 6 months in barrel, while red wines
will have levels in the range of 250 mg/L after aging two or more years

(Quinn&Singleton, 1985).



1.1.1.4 Stilbenes

Stilbenes are another minor class. Hydroxylated stilbenes found as the glycosides in
grapes and a few other dietary sources (Waterhouse, 2002). Resveratrols attracted
specific interest because of their potential therapeutic biological attributes that favour
protection against atherosclerosis, including antioxidant activity, modulation of
hepatic apolipoprotein and lipid synthesis as well as inhibition of platelet aggregation
(Balsy et al., 2000). Several forms of resveratrol exist including the cis and trans

isomers as well as the glucosides of both isomers (Figure.1.3).

H
o}
CH,OH o=
NS
HO
HONH o O-H
Yo oH

Figure 1. 3 Trans-piceid, the resveratrol glucoside

Resveratrol derivatives are found only in the skin of the grape, so much more is
found in red wine. The total levels of all forms average about 7 mg/L for reds,
(Lamuela-Raventos et al, 1995), 2 mg/L for rosés and 0.5 mg/L for white wines

(Romero-Perez et al, 1996).



1.1.2 Flavonoids

Flavonoids get their name from the fact that they share a unit in their skeleton called
a flavan ring. The flavonoids comprise the majority of the phenols in red wine and
are derived from extraction of the skins and seeds of grapes during the fermentation
process. Since red wines are produced by fermentation of the juice’s sugar into
alcohol—a good solvent for polyphenol extraction—in the presence of the skins and
seeds over a period of 4-10 or more days, there is ample opportunity for extraction
of much of the polyphenols into red wine, and in typical wine making, about half
these substance are extracted during the maceration process. The major classes of
wine flavonoids are the flavanols, flavonols, and the anthocyanins (Waterhouse,

2002).

1.1.2.1 Flavanols

Flavonols are the most abundant class of flavonoids in grapes and wine, and in the
grape they are found in both the seed and skin. These are often specifically called the
flavan-3-ols to identify the location of the alcohol group on the 3™ ring. The Trans
form is (+)-catechin and the Cis form is (-)-epicatechin (Figure 1.4). Epigallocatechin
is found in grape skin. Epicatechin gallate is a small but significant proportion of the
flavan-3-ol pool in grapes in the seeds. Thus, for the simple series of monomeric
flavanols, there are four different ones found in wine. These monomeric flavan-3-ols
are sometimes referred to as the “catechins.” The levels of total monomeric flavan-3-
ols in typical red wine are in the range of 40-120 mg/L with the majority usually

being catechin (Ritchey et al., 1999).

According to the Robichaud et al. (1990), the monomeric catechins are bitter and
astringent. However, in the polymer, the bitterness is minimal, but the astringency

remains.



The levels are strongly affected by seed extraction techniques and are higher when
extended maceration techniques are used. The majority of phenolic compounds in
red wine are from the condensation of flavan-3-ol units to yield the oligomers

(proanthocyanidins) and polymers (condensed tannins).

OH OH
i\f”
HO 0. .= O .~ OH

"OH OH

OH Epicatechin OH Gallocatechin
Figure 1. 4 Cis and trans forms of flavan-3-ols.

On average, epicatechin is the predominant unit in condensed tannins from grapes
and wine, catechin is the next most abundant. In typical red wines, the amount of
polymer plus oligomer is a sizable fraction of the total phenolic level, being in the
range of 25 to 50% in new wines and a higher proportion in older wines. Levels are
between 0.5 g/L and 1.5 g/L or even higher in some red wines, while in white wine,
levels are in the range of 10-50 mg/L and highly dependent on pressing techniques.
These substances are unlikely to have many health effects, except in the gut, as they
appear to not be absorbed (Donovan et al., 2002) owing to their high molecular

weight (Schramm et al., 1998).

1.1.2.2 Flavonols



There are only three forms of the simple flavonoid aglycones in grapes, quercetin
(see Figure 1.5), myricetin (3’4’5’ trihydroxy) and kaempferol (4'hydroxy), but since
these compounds occur with a diverse combination of glycosidic forms, there are
many individual compounds present. Cheynier et al. (1986) claimed that, they have
been shown to be mostly the 3-glucosides as well as the 3-glucuronides and small

amounts of diglycosides in Cinsault.

Figure 1. 5 Quercetin

A study on Pinot noir by Price et al. (1995) has shown that sunlight on the berry skin
strongly enhances the levels of the flavonols. Although this has not been studied in
other grape varieties, a study of the levels of phenolic compounds in wine has shown
that expensive Cabernet Sauvignon wines expected to come from lower yielding
vines with better sun exposure of the fruit has at least three-fold higher levels of
flavonols, suggesting that the levels of these compounds in grapes may be a useful
indicator of grape sun exposure and perhaps quality. Levels of total flavonols are
near 53 mg/L for widely sold Cabernet wine, but over 200 mg/L in more expensive

wine (Ritchey et al., 1999).

1.1.2.3 Anthocyanins



Anthocyanins provide the color in red wine and the red and blue colors found in the
skins of red or black grapes, but also in many other plants including other foods in
the diet. The anthocyanins react with the tannins to produce a “stabilized”
anthocyanin or pigmented tannin which persists much longer in wine than the initial
form, and it is this stabilized color that persists in most red wines more than a few
years old, although in some wines the monomeric forms found in the grape are still

found after this time.

The term for the simple flavonoid ring system is anthocyanidin. There are five basic
anthocyanidins in wine: cyanidin, peonidin, delphindin, petunidin and malvidin, the
most abundant in red wines (Figure 1.6) “Anthocyanin” implies a glycoside (Figure

1.7) (Waterhouse, 2002).

In wine and similar solutions there are several forms of anthocyanins and the
proportions strongly affect the color of a solution containing these substances (Figure
1.7). There is a quinone form which has a violet hue, and its pKa is 4.7, so it is

present in small amounts at high wine pH values.

R1
O OH
R2

OH

HO 0L
/3
3

OH

R1, R2

H, OH; cyanidin

H, OCH,; peonidin
OH, OH; delphinidin
OH, OCHyg; petunidin
OCH,, OCH,; malvidin
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Figure 1. 6 Anthocyanidin Structures

O‘CH“
i obase
o, O e on
Quingicdal Basa OH
{blue-viclet) HO G,GH3

Figure 1. 7 Anthocyanin forms present in wine.

1.1.3 Phenolic Levels in Wines

Different grape species will have some different phenolic compounds as well as
different phenolic levels. The level of the phenolics in wines is also highly variable
due to both differences in fruit sources as well as processing. The first and most
important factor to understand is that white wines are made by quickly pressing the
juice away from the grape solids, while reds are made by fermenting the juice in the
presence of the grape solids (skin and seeds). Since the skins and seeds contain the
most of the phenols, red wine is a whole berry extract while white wine is a juice

product. In addition, because of the significant sensory effects of these substances on

11



bitterness and astringency, they are controlled by wine makers. Although there is a
wide range of variation, typical levels for red and white wines are listed in Table 1.2

based on literature sources noted in the sections above (Waterhouse, 2002).

1.2 Detection and quantification of phenolic compounds

The modern wine-making industry is focused on controlling total polyphenol (TPC)
as polyphenols are responsible for the sensory properties of wine. Increasing interest
on polyphenols is providing an impetus for the development of analytical techniques
for fast monitoring of these compounds. Traditionally, analysis has been based on
spectrophotometric or chromatographic methods. New techniques that are currently
being developed include capillary electrophoresis, immunoassays, and biosensors.
They potentially provide better specificity, lower costs, and faster and simpler

sample processing (Yamada et al., 2005).

Biosensors are currently being developed for the detection of phenolic compounds,
based on the reaction of these compounds with an immobilized mushroom
tyrosinase. Immobilization is essential because it ensures intimate contact between
the enzyme and the underlying signal detector and also prevents the enzyme from
being washed off the electrode when readings are made in aqueous samples (Tembe

et al., 2006).

The detection and quantification of the reaction within the biosensor can be based on
various different principles, such as detection of oxygen consumption (Campanella et
al., 1992), direct increment of liberated o-quinone (Hall et al., 1988; Wang et al.,
1994; Lutz et al., 1995; Onnerfjord et al., 1995; Li et al., 1998) or increment of the

o-quinone using a redox mediator such as hexacyanoferrate (Bonakdar et al., 1989).
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Table 1. 2 Typical levels of phenolics in red and white table wine®

(Waterhouse, 2002)
White Wine Red Wine

Fhenol Class Young Aged Young Aged
Non-flavonoids

Hydroxycinnamates 154 130 165 60

Benzoic Acids 10 15 il Ll

Hydrolyzable tannins (from oak) 0 L0 0 250

Stilbenes ( Resveratrol) 0.5 0.5 7 7
Total mg/L 164.5 2455 232 377
Flavonoids

Flavanol monomers 25 15 200 100

Froanthocyanidins and condensed 20 25 750 1,000

tannins

Flavonols — — 100 100

Anthocyanins — — 400 90

Others — — 50 75
Total mg/L 45 40 1,50} 1365
Total all phenols 2005 2855 1,732 1,742

* Young means new wine, less than six months of age, not having been aged or
fermented in oak barrels. Aged implies about one year for white, about two years for
red and some oak barrel aging (or other oak contact).

1.3 Phenoloxidases

Phenoloxidases (PO) are oxidoreductases that catalyze oxidation of phenolic
compounds (Durdn and Esposito, 1997). In any enzyme assay, a specified amount of
PO can be used for quantitative oxidation of TPC. They are subdivided into two
subclasses, laccases and tyrosinases, and both groups react with oxygen and no

cofactors are needed (Steffens et al., 1998; Chevalier et al., 1999).
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1.3.1 Laccase

Laccases (EC 1.10.3.2, p-diphenol:dioxigen oxidoreductase) was first described by
Yoshida (1883) and was characterised as a metal containing oxidase by Bertrand
(1985). They are cuproproteins that catalyse the oxidation of several aromatic and
inorganic substances (phenols) with the concomitant reduction of oxygen to water
(Xu, 1996). Laccases are characterised by low substrate specificity and their catalytic

competence varies widely depending on the source.

1.3.2 Tyrosinase

Tyrosinases are type-3 copper proteins involved in the initial step of melanin
synthesis. Tyrosinases are involved in the melanin pathway and are especially
responsible for the first steps of melanin synthesis from L-tyrosine leading to the
formation of L-dopaquinone and L-dopachrome (Sanchez-Ferrer et al., 1995). The
particularity of tyrosinases is to catalyse the o-hydroxylation of monophenols
(cresolase activity or ‘‘monophenolase’’) and the subsequent oxidation of the
resulting o-diphenols into reactive o-quinones (catecholase activity or
‘“‘diphenolase’’), both reactions using molecular oxygen (Figure 1.8). Subsequently,
the o-quinones undergo non-enzymatic reactions with various nucleophiles,
producing intermediates, which associate spontaneously in dark brown pigments

(Soler-Rivas et al. 1999).

In fungi, tyrosinases are generally associated with the formation and stability of
spores, in defence and virulence mechanisms, and in browning and pigmentation.
Mushroom tyrosinase is popular among researchers as it is commercially available
and inexpensive and also there are easy tools to investigate the feature of this
enzyme. First characterized from the edible mushroom Agaricus bisporus

(Nakamura et al. 1966, Robb and Gutteridge 1981, Wichers et al. 1996) because of
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undesirable enzymatic browning problems during post harvest storage (Jolivet et al.
1998), tyrosinases were found, more recently, in several other fungi with relevant
insights into molecular and genetic characteristics and intoreaction mechanisms,
highlighting their very promising properties for biotechnological applications
(Halaouli er al. 2006). Among mushrooms A. bisporus is the most commonly
consumed species worldwide, and also it is a representative of its family; for this

reason most of the research work is being carried out on this particular species.

Complex

Folymers

Figure 1. 8 Reaction mechanism of tyrosinase with phenol in the presence of oxygen

Laccase shows only low substrate specificity, whereas tyrosinase catalyzes two
reactions: first, the oxidation of monophenols to o-diphenols and second, the
oxidation of o-diphenols to o-quinones. Because of these properties, tyrosinase was
chosen as the biological component for further studies. The described activities of
tyrosinase ensure that all contained polyphenols can be measured while side
reactions can be avoided (Seo et al., 2003; Fenoll er al. 2001;Duran et al., 2002)
Moreover, all of the tyrosinases obtained from various species of mushroom have
similar properties; analyzed tyrosinases of this study are related to A. bisporus.
Mushroom (Agaricus bisporus) tyrosinase is popular among researchers because it is
commercially available, inexpensive and there are easy tools to investigate the

feature of this enzyme.
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1.4 Catalases

Catalases (EC 1.11.1.6) are a group of metalloenzymes with the major function for
degradation of hydrogen peroxide (H»O;) to dioxygen and water (Goldberg and
Hochman, 1989). This function is essential to control hydrogen peroxide levels in
living systems, where hydrogen peroxide is a by-product of mitochondrial electron
transport, B-oxidation of fatty acids, and photorespiration (Montavon et al. 2007).
Fungi are effective producers of these enzymes (Isobe et al. 2006) possessing
catalases, peroxidases, and superoxide dismutases to ensure that reactive oxygen
species (ROS) like H,0O,, superoxide, hydroxyl radicals, and singlet oxygen are

maintained at safe concentrations (Calera et al. 2000).

1.5 Bifunctionality of Catalases and Phenol Oxidases

As explained previously, the major function of catalases is the degradation of
hydrogen peroxide to dioxygen and water. Secondary function of catalases is
reported as the oxidation of hydrogen donors such as methanol, ethanol, formic acid,
phenols, with the consumption of peroxide, called peroxidic activity (Packer, 1984).
The third and novel function of catalases; oxidase activity in the absence of hydrogen

peroxide, was introduced by Vetrano et al. (2005) for mammalian catalases.

A new group of catalases, the catalase-phenol oxidases (CATPO), was introduced by
Sutay-Kocabas et al.(2008). According to Sutay-Kocabas et al. CATPOs are capable
of hydrogen peroxide decomposition (catalase activity) and phenolic (o-diphenolic
compound, especially catechol) oxidation in the absence of hydrogen peroxide

(phenol oxidase activity).

Here, we investigate the use of a bifunctional enzyme, catalase-phenol oxidase

(CATPO) from the thermophilic fungus, S. thermophilum. Previously, this enzyme
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was reported as an extracellular phenol oxidase (Ogel et al. 2006). However, after
purification, characterization, and amino acid sequencing, the enzyme was revealed
to be a catalase, displaying an additional phenol oxidase activity by Sutay-Kocabas et

al. (2008).

1.6 Immobilization

Enzymes have a number of distinct advantages over conventional chemical catalysts.
Foremost amongst these are their specificity and selectivity not only for particular
reactions but also in their discrimination between similar parts of molecules
(regiospecificity) or optical isomers (stereospecificity). However, there are some
disadvantages in the use of enzymes which cannot be ignored but which are currently
being addressed and overcome. In particular, the high cost of enzyme isolation and
purification still discourages their use, especially in areas which currently have an
established alternative procedure. The generally unstable nature of enzymes, when
removed from their natural environment, is also a major drawback to their more
extensive use. These drawbacks can be eliminated by enzyme immobilization

(Chaplin and Bucke, 1990).

Immobilization is the conversion of enzymes from a water-soluble, mobile state to a
water-insoluble, immobile state. It prevents enzyme diffusion in the reaction
mixtures and facilitates their recovery from the product stream by solid liquid
separation techniques. The advantages of immobilization are (1) multiple and
repetitive use of a single batch of enzymes; (2) creation of buffer by the support
against changes in pH, temperature and ionic strength in the bulk solvent, as well as
protection from shear forces; (3) no contamination of processed solution with
enzyme; and (4) analytical considerations, especially with respect to long-life for
activity and predictable decay rates. Mass transfer limitations are usually observed in
immobilized enzymes. In some instances, these limitations can be advantageous, for

example, when substrate inhibition takes place (Birnhaum, 1988). As results of these
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advantages, operational lifetime and stability enhances, and cost of the process
reduces. Moreover, improved enzyme performance, such as activity, stability and
selectivity, can often be achieved by enzyme immobilization. (Clark, 1994; Cabral et

al., 1993; Rocchietti et al., 2002)

Immobilized enzymes are divided into two groups; carrier-bond and carrier-free (Cao

et al., 2003)

1.6.1 Carrier-bound Immobilization

Since the early days of enzyme immobilization, the primary goal of using insoluble
carriers of ready-made geometric parameters and defined physical and chemical
nature has been to insolubilise the enzyme and thus to facilitate its separation and use
(Messing, 1975). The various methods used in this type of immobilization are:

adsorption, covalent coupling, entrapment, and encapsulation (Birnhaum, 1988).

Adsorption is based on ionic or hydrophobic interactions between the protein and
supporting carrier. Since the binding is reversible, the support is regenerable.
Adsorption is simple technique but since in this method forces between enzyme and
support are relatively weak, leakage of the enzyme from the support occurs
(Birnhaum, 1988; Walsh, 2002). Covalent Coupling overcomes this, but harsh
conditions lead to undesirable loss of activity (Walsh, 2002). Entrapment of proteins
within polymer network is another method of carrier-bound immobilization.
Entrapment can be applied to only low molecular weight substrates and products due
to diffusion limitations. The other method is encapsulation, which is achieved by

physical confinement of enzymes by using membranes (Birnhaum, 1988).

There are many disadvantages of using carrier-bound immobilization methods. First,

the use of extra polymers as carrier leads to ‘dilution of activity’ of immobilized
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enzymes, owing to the introduction of a large portion of non-catalytic mass ranging
from 99.9% to 90%. This leads to lower space-time yields and lower productivity. In
addition to that, the design of the carrier-bound immobilized enzymes requires
laborious and time consuming trial and error experiments. Moreover, immobilization
of an enzyme on a carrier often leads to the loss of more than 50% native activity,
especially at high enzyme loadings. Last, carriers where the catalyst is immobilized

are not accesible enough for a fast activity test (Cao et al., 2003).

1.6.2 Carrier-free Immobilization

There is no need for extra inactive mass as carrier in carrier-free type immobilization
(Cao et al., 2003). As a result, these immobilized enzymes have high activities
(Wilson et al., 2004). Generally prepared by directly cross-linking different enzyme
preparations such as: dissolved enzyme, cyrstalline enzyme, spray dried enzyme and
physically aggregated enzyme resulting in formation of CLEs, CLECs, cross-linked
spray dried enzymes (CSDEs) (Amotz, 1987) and CLEAs, respectively (Cao et al.,
2003) Thus, they are discriminated from each other only by the precursors used for

cross-linking, as illustrated in Figure 1.9.

1.6.2.1 CLEs

CLEs are formed by cross-linking of dissolved enzyme with a bifunctional chemical
cross-linker, such as glutaraldehyde (Quiocho et al., 1966). Enhanced thermostability
could be obtained by the -cross-linking of dissolved enzyme. However,
intermolecular cross-linking of these highly solvated enzyme molecules often had
several drawbacks, such as lower activity retention (usually below 50% of the native
activity), poor reproducibility and low mechanical stability. Moreover, handling of

gelatinous CLE is another disadvantage. (Cao et al., 2003)
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1.6.2.2 CLECs

Cross-linking of highly compacted enzyme crystals leads to the formation of
insoluble CLECs with considerable activity (Quiocho et al., 1964). CLECs exhibited
enhanced thermostability and mechanical stability relative to amorphous CLE
(Quicho et al., 1966). They also had broad pH stability (Tiichsen et al., 1977) and
showed enhanced stability against organic solvents (Lee et al., 1986). However,
CLECs have an inherent disadvantage: enzyme crystallization is a laborious
procedure requiring enzyme of high purity, which translates to prohibitively high

costs. Furthermore, this method has narrow applicability (Cao et al., 2003).

Dissclved enzyms

Curment Opinfon in Bislechnalogy

Figure 1. 9 The different approaches to the production of carrier-free immobilised
enzymes: (a) crystallization; (b) aggregation; (c) spray-drying; (d) direct cross-
linking. AGG, aggregates; CRY, crystals; SDE, spray-dried enzyme. (Cao et al.,
2003)
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1.6.2.3 CLSDs

Spray-dried enzyme powders were also used to prepare cross-linked enzymes
(Amotz, 1987). Although reasonable activity was obtained, this approach has not
been exploited until now, owing to the fact that the spray-drying process reversibly
deactivates the enzymes. Consequently, compared with CLECs, or carrier-bound

immobilized enzymes, CLSDs display relatively low activity (Cao et al., 1999).

1.6.2.4 CLEAs

More recently, CLEAs were added to the family of carrier-free immobilized enzymes
(Cao et al., 2000). In this method, enzymes were precipitated without disturbing their
three-dimensional structure by changing pH or ionic strength by adding appropriate
aggregation agents, such as those widely used in non-denaturing protein separation
(Rothstein, 1994). These insoluble physical aggregates can be subsequently cross-
linked by the addition of bifunctional cross-linkers (Cao et al., 2003).

The CLEAs formed exhibited comparable activities and stabilities to CLECs (Cao et
al., 2000; Cao et al., 2001). As protein aggregation is the most frequently used
primary method of protein purification, the preparation of CLEAs obviates the need
for a highly purified enzyme and the labor-intensive crystallization step (Cao et al.,
2003). Moreover, there is no need for laborious optimization of the crystal form
(Margolin, 1996). There is also opportunity to co-immobilize different enzymes for
use in one-pot, multi-step synthesis. In addition to that, it is a promising approach to
render enzymes tolerant to denaturing ionic liquids. Other benefits of the method are

low cost and fast optimization opportunities (Van Langen et al., 2005).
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1.6.3 Applications of CLEAs

The use of CLEAs might by beneficial for processes where high productivity and
space-time yield are required or for use with labile enzymes that cannot be efficiently
stabilized by means of conventional carrier-bound immobilization methods.
Moreover, it is clearly advantageous in that it is possible to feed the reactor with
more enzymes, to compansate for the loss of activity during recycling, without
prolonging the reaction time. Their high stability renders them suitable for enzyme-
catalyzed biotransformations and varying aggregation conditions, leading to an

increase in enantioselectivity and activity.

CLEAs are very attractive biocatalysts, owing to their facile, inexpensive and
effective production method. They can readily be reused and exhibit improved
stability and performance. The methodology is applicable to essentially any enzyme,
including cofactor dependent oxidoreductases (Sheldon et al., 2007). Application to
penicillin acylase used in antibiotic synthesis showed large improvements over other
type of biocatalysts (Illanes et al., 2006). The potential applications of CLEAs are

numerous and include:

. Synthesis of pharmaceuticals, flavors and fragrances, agrochemicals,
nutraceuticals, fine chemicals, bulk monomers and biofuels.

= Animal feed, e.g. phytase for utilization of organically bound phosphate by pigs
and poultry.

= Food and beverage processing, e.g. lipases in cheese manufacture and laccase
in wine clarification.

= Cosmetics, e.g. in skin care products

= Oils and fats processing, e.g. in biolubricants, bioemulsifiers, bioemollients.

= Carbohydrate processing, e.g. laccase in carbohydrate oxidations.

. Pulp and paper, e.g. in pulp bleaching.
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= Detergents, e.g. proteases, amylases and lipases for removal of protein,
carbohydrate and fat stains.

= Waste water treatment, e.g. for removal of phenols, dyes, and endocrine
disrupters.

= Biosensors/diagnostics, e.g. glucose oxidase and cholesterol oxidase
biosensors.

= Delivery of proteins as therapeutic agents or nutritional/digestive supplements
e.g. beta-galactosidase for digestive hydrolysis of lactose in dairy products to

alleviate the symptoms of lactose intolerance.

The studies based on preparation of cross-linked enzyme aggregates of several

enzymes and their applications are demonstrated in Table 1.3.
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1.6.4 CLEAs of Tyrosinase

Aytar et al. (2008) prepared and characterized the CLEAs of tyrosinase from crude
extracts of mushroom (Agaricus bisporus) for the first time. In this study, mushroom
tyrosinase was immobilized in a simple and effective way by physical aggregation of
the enzyme, using ammonium sulfate as precipitant, followed by chemical cross-
linking by glutaraldehyde to form insoluble cross-linked enzyme aggregates
(CLEAs). In the optimization studies, the effects of protein addition, AS and GA
addition, and cross-linking temperature and period on the enzyme recovery of
CLEAs were investigated. Optimum conditions for production of CLEAs of

tyrosinase from crude mushroom extract were shown in Table 1.4.

CLEAs prepared from crude mushrrom tyrosinase under the optimum conditions,
had nearly 100% enzyme recovery. According to Aytar et al. (2008), CLEAs of
crude tyrosinases still retained 72% of their maximum activity after an 8§ month of
storage at 4°C, while crude mushroom tyrosinase retained 2% of its activity after 3

months of storage at 4°C.

In the characterization studies, she found that the optimum temperature and
activation energy of catechol oxidation for both the CLEA and free enzyme were
34°C, and 16.9 kcal/mol and 32°C and 12.5 kcal/mol, respectively. Optimum pH
values for free tyrosinase and CLTAs are 7 and 6.5, respectively. In addition to that,
it was realized that by preparing cross-linked tyrosinase aggregates (CLTAs), the
thermostability of tyrosinase was significantly increased. Also, the fact that CLTA
particles had nearly same stability during the storage at 4°C and at room temperature

was noticed.
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Table 1. 4 Optimum conditions for production of CLTAs (Aytar et al., 2008)

Enzyme Solution Crude Mushroom Extract
Ammonium Sulfate Concentration 60% saturation
Glutaraldehyde Concentration 2% (v/v)
Cross-linking reaction for 3 hours at room temperature
Pre-treatment of CLTAs Storage in L-lysine solution for overnight
Washing method Filtration
Particle size reduction Mechanical stirring
1.7 Fungi

In recent years, there has been great interest in exploring the industrial potential and
biology of thermophilic fungi. Yet, far more still remains to be explored about these

fungi that most represent the most heat-stable eukaryotic organisms.

The microorganism used in this research, Scytalidium thermophilum, was a member
of fungi which comprise an extremely important and interesting group of
microorganisms. They are widespread in nature; grow well in dark and moist

conditions where organic material is available.

1.7.1 Scytalidium thermophilum

Scytalidium thermophilum, also known as Humicola insolens, Torula thermophila

and Humicola grisea var. thermodia, is a thermophilic fungus. Scytalidium
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thermophilum is an important fungus in the production of mushroom compost
(Toumela et al., 2000).

Thermophilic fungi grow massively during he last phase of the composting process,
from spores that have survived the pasteurization process. They are believed to
contribute significantly to the quality of the compost. The effects of these fungi on
the growth of the mushroom mycelium have been described at three distinct levels.
First, these fungi decrease the concentration of ammonia in the compost, which
otherwise would counteract the growth of the mushroom mycelium. Second, they
immobilize nutrients in a form that apparently is available to the growth of
mushroom mycelium. And third, they may have a growth promoting effect on the

mushroom mycelium (Wiegant, 1992).

The enzymes of thermophilic fungi are generally active at neutral to alkaline pH, and
are more thermostable than their counterparts from mesophilic fungi. These
properties of enzymes from thermophilic fungi may be explored through a number of

novel applications (Ogel et al., 2006)

Identification of a bifunctional enzyme, catalase-phenol oxidase (CATPO) from the
thermophilic fungus, S. thermophilum was identified in previous studies. Sutay et
al., showed that this enzyme to be a catalase, displaying an additional phenol oxidase

activity.

1.8 Scope of the Study

The aim of this study was to investigate the use of cross-linked enzyme (tyrosinase)
aggregates (CLTA) obtained from crude mushroom extract for a rapid phenolic
content analysis in wines and to compare phenolic characteristics of Turkish red and
white wines. In future, these aggregates are going to be incorporated in a biosensor

and examined in biosensor applications.
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CLTAs were prepared from crude mushroom extracts according to literature data
(Aytar et al., 2008). Prepared CLTAs using optimum production conditions were
tested for their response to different phenolics at different concentrations then
reliability and reproducibility of the enzymatic test was examined. After
investigation of using CLTAs for phenolic measurement in real wine samples,
narrowing of reaction time period was studied. The reactions with the major phenolic
compounds present in wine were checked by CLTAs to see the selectivity of CLTAs.
Besides, phenolic mixture which mimics the real wine composition was also tested
by CLTAs. Finally, total phenolics concentration (TPC) measurement of commercial
red wines and white wines produced from Turkish grapes were studied and

operational and shelf-life stabilities of CLTAs were examined.

In addition to CLTAs, the phenoloxidase produced by a fungal microorganism,
Scytalidium thermophilum, was studied in this research to see its capability to oxidize
the wine phenolics. Its selectivity towards several wine phenolics was examined.
Since this enzyme is really a novel catalase having additional phenol oxidase activity
(CATPO), H,0,-dependent oxygenation of phenolics with this enzyme was studied
to check the possible positive effect of catalase activity (O, production) on phenolics

concentration measurement.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

Mushroom tyrosinase (EC 1.14.18.1), glutaraldehyde (GA) (25 % solution), catechol,
L-lysine, acetone, and sulfuric acid, gallic acid, catechin, caffeic acid, p-coumaric
acid, malvidin, cyanidin, rutin, myricetin, quercetin, vanillic acid, ferulic acid,
syringic acid, Folin and Ciocalteu’s Phenol Reagent were purchased from SIGMA
(St Louis USA). Ammonium sulfate (AS) was obtained from MERCK (Darmstadt,
Germany). 3-methyl-2-benzothiazolinone hydrazone (MBTH) was purchased from
Aldrich (Germany). Other reagents were analytical grade and obtained either from
SIGMA or MERCK. Mushroom and wines were bought from local supermarket.

Ultrapure water was used throughout this research.

2.2 Enzyme Extraction from Mushroom (Agaricus bisporus)

Crude enzyme extraction procedures were conducted as described by Aytar and
Bakir (2008). Fruit bodies of the mushroom (Agaricus bisporus) were obtained from
a local supermarket. After removal of stalks, the caps were washed and frozen at
20°C. Then, 100 g of cap tissues were homogenized in 125 ml in 0.1 M, pH 7.0
sodium phosphate buffer, containing 2.5 g of polyvinylpolypyrollidone (PVPP), in a
blender (ARCELIK Rollo K-1350) for 2 min. PVPP can hydrogen bonds to the
phenolic compounds present in the extract and prevent phenol-protein interaction
(Smith and Montgomery, 1985). The obtained homogenate was centrifuged at 11000
x g for 10 min at 4°C (SIGMA Laboratory Centrifuge 3K18). Supernatant containing

the enzyme was filtered and filtrate was used as the crude enzyme extract.
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2.3 CLTA Preparation

CLTAs were prepared from crude mushroom extract. CLTA preparation procedures
were carried out according to optimized conditions determined in previous studies

(Aytar and Bakir, 2008).

Saturated ammonium sulfate (AS) solution was added up to the final concentration of
60% saturation in to a centrifuge tube containing 35U of the enzyme extract. After 5
min of gentle mixing at 4°C, glutaraldehyde (GA) solution was added very slowly to
the final concentration of 2% (v/v). This mixture stayed for 3 h at room temperature
for the cross-linking reaction. Afterwards, the suspension was centrifuged at 11000 x
g for 15 min at 4°C. The recovered pellet was stored overnight in 0.1 M L-lysine
solution (prepared with 0.1 M, pH 7.0 sodium phosphate buffer) to react with excess
GA present (Tyagi et al., 1999). On the next day, CLTAs were recovered and
washed via filtration. For this aim, the formed CLTAs were pipetted on to a filter
paper (Schleicher & Schuell Grade 589/1 black ribbon) and washed with 0.1 M pH
7.0 sodium phosphate buffer until no enzyme activity was observed in the filtrate.
Finally, washed CLTAs were removed from the filter paper, resuspended in buffer

and stored at 4°C.

2.4 Maintanence and Cultivation of Scytalidium thermophilum

Scytalidium thermophilum was cultivated on YpSs agar plates as described in
Appendix A (Cooney and Emerson, 1964). Incubation was performed at 45°C until
sporulation, followed by storage at 20°C for maximum 2 months. Inoculation and

pre-cultivation procedures were conducted as described by Arifoglu and Ogel (2000).

The enzyme production medium was YpSS except the presence of glucose as a

carbon source, instead of starch. In addition, the main culture was supplemented with
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copper sulphate. Pre-culture volume was 2% of the main culture volume. After 24 h
of incubation at 45°C, the pre-culture was used to inoculate 800 ml of main culture
medium (Appendix A). Cultures were incubated in a shaker incubator at 45°C and
155 rpm shaking rate for 5 days. The growth media were filtered through Whatman
No.1 filter paper and the filtrate was centrifuged at 8,000 x g for 5 min. The

supernatant was used as the crude enzyme solution.

2.5 Analytical Methods

2.5.1 Activity Measurement of the Free Tyrosinase

Activity measurement of tyrosinase was conducted spectrophotometrically by
measuring the initial reaction rate of catechol oxidation with double-beam UV-Vis
spectrophotometer (Thermo Electron Cooperation Evolution 100). As the substrate,
0.1 M catechol solution was prepared in 0.1 M, pH 7.0 sodium phosphate buffer.
Enzyme samples were also diluted to the desired end concentrations with 0.1 M, pH
7.0 sodium phosphate buffer. Enzyme, substrate and buffer solutions were
preincubated at 35°C. The reaction was started by the addition of catechol solution to
the quartz cuvette including the enzyme solution. The volume ratio of enzyme to
catechol solution was 1/1. The blank contained buffer instead of enzyme solution.

The change of absorbance was recorded at 420 nm in 5 sec intervals for 35 sec.

Initial reaction rates were calculated from the initial linear part of the reaction

progress curve. Activity assays were repeated at least for two times.

One unit of the enzyme activity (U) was defined as 1 pmol product formed per min
at 420 nm under the given reaction conditions. The extinction coefficient for o-
quinone formation from catechol at 420 nm was taken as g4, = 3450 M Temt (Ogel

et al., 2006). Equation 2.1 was used to calculate tyrosinase activity:
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Enzyme Activity (l) = ( AOD ) (l) (1000 pmol )2 ml reaction mlxt}lre (60 se.c )
mL At (sec) &€ mmol ml enzyme solution min
2.1)

Where;

AOD = change in the absorbance at 420 nm

At =change in the time

¢ = extinction coefficient,
cm

2.5.2 Activity Measurement of CLTAs

Activity measurement of CLTAs was conducted spectrophotometrically by using a
double-beam UV-Vis spectrophotometer (Thermo Electron Cooperation Evolution
100). Appropriate aliquots were taken from the CLTA suspensions and diluted with
0.1 M pH 7 sodium phosphate buffer to the desired end concentrations. 0.1 M
catechol in 0.1 M pH 7.0 sodium phosphate buffer was utilized as the substrate
solution. Enzyme suspension, substrate and buffer solutions were preincubated at
35°C until they reach to thermal equilibrium. The reaction was started by the
addition of catechol solution to the enzyme suspension in 1/1 ratio at 35°C under
stirring with a magnetic rod. After 5 sec, 2x1 ml sample was taken from the reaction
mixture and filtered through a filter paper (Schleicher & Schuell Grade 589/1 black
ribbon) in to a 0.7 ml quartz cuvette. Then the absorbance was recorded at 420 nm.
The blank contained buffer instead of enzyme solution. Finally, CLTA activity was

calculated by using equation 2.1.
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The enzyme recovery in the CLTA was calculated as given in Equation 2.2:

total activity of CLEA (U)
total free enzyme activity used for CLEA production (U)

Enzyme Recovery = x100

(2.2)

2.5.3 Phenol Oxidase Activity Measurement of Scytalidium thermophilum

Standard catechol oxidase assay was performed by following the increase in
absorbance at 420 nm of the reaction mixture, consisting of 0.5 ml 100 mM catechol
solution in 100 mM phosphate buffer (pH 7) as substrate, 0.5 ml enzyme solution at
specified concentrations and 1 ml 100 mM phosphate buffer at pH 7 and 60°C was
followed. The reference cuvette contained buffer instead of the enzyme. Enzyme
activity was measured using the initial rate of the reaction and the extinction
coefficient as 3450 M cm™ for catechol (Ogel et al., 2006) and one enzyme unit was
defined as the amount of enzyme required for the formation of one micromole of

product per min.

2.6 Enzymatic Phenolic Measurement

2.6.1 Measurement of Phenolics by using CLTAs and Free Enzyme of
Tyrosinase

The method of enzymatic oxidation of phenolics to quinones with tyrosinase was
selected to measure phenolics concentration. The method is thus based on the

oxidation of phenols to quinones as catalysed by the tyrosinase enzyme. Detection is
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achieved by measuring the increase in produced quinone amount, which occurs as a

result of the enzymatic reaction:

Iyrosinase

Phenol + O2 o-quinone + H20

The variation in quinone concentration is determined using a spectrophotometer. 2
ml of different concentrations of standard phenolic solutions in 0.1 mM phosphate
buffer was mixed with 20 ul of an enzyme solution. For monitoring the reaction in
the visible spectrum, the Thermo Electron Cooperation Evolution 100
spectrophotometer was used. Their absorbances were measured at 350-380 nm.

Calibration curves were obtained for several phenolic compounds.

2.6.2 Measurement of Phenolics Concentration by using Scytalidium
thermophilum Catalase-Phenol Oxidase (CATPO)

2 ml of different concentrations of standard phenolics solutions in phosphate buffer
was mixed with 20 pl of an enzyme solution. For monitoring the reaction in the
visible spectrum, the Thermo Electron Cooperation Evolution 100 spectrophotometer
was used. Their absorbances were measured at 350-380 nm. Calibration curves were

obtained for several phenolic compounds.

2.7 Determination of Phenolics Concentration in Wines

CLTA, dissolved free tyrosinase and free CATPO were used for determination of
phenolic concentration in various Turkish wines. Red wine samples were diluted by
0.1 M sodium phosphate buffer to set the sample pH to 7. A modified procedure of
Besthorn’s Hydrazone method (Mazocco et al., 1976) was used for the determination

of phenolics in wines. The method includes the spectrophotometric measurement of

37



red complex produced by the interaction (Figure 2.1) between MBTH and the

quinones liberated from phenol oxidase activity (Rodriguez-Lopez et al., 1994).
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Figure 2. 1 Reaction mechanism of Besthorn's hydrazone method
(Rodriguez-Lopez et al., 1994)

Different concentrations of catechol solutions were prepared in sodium-phosphate
buffer (pH 7). 3.0 ml aliquots in test tubes were placed in water bath at 25 °C. 1 ml
MBTH solution was added to the test tubes and enzyme was put into the solutions for
specific reaction times. After removing enzyme, 1.0 ml sulfuric acid (5% v/v) was
added to stop the enzymatic reaction. 3 ml acetone was added to dissolve the red
color complex produced by reaction of MBTH with quinone. Total volume of 6 ml
solutions was obtained. After mixing, their absorbances were measured at 495 nm by
using a Thermo Electron Cooperation Evolution 100 spectrophotometer and a

calibration curve was obtained.
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The same procedure was utilized for the measurements of phenolics in red wines
except catechol solutions were replaced by diluted wine samples. By using the

obtained calibration curve, the phenolic concentration in wines was determined.

2.8 Determination of Operational Stability

Operational stability of the enzymes was determined by measuring its activity for 30
repetitive uses on the same day under the optimum conditions. After each treatment,
the CLTAs were washed by buffer solution and sieved through a filter paper until no
activity was observed in the collected filtrate. Catechol solution was replaced after

each washing step, but the same CLTAs were used.

2.9 Determination of Shelf-Life Stability

Storage stability was investigated for a 50-day period of time by preserving the
enzyme solutions in buffer solution at 4 °C when not in use. The activities were

measured once in every week.

2.10 Determination of Phenolic Concentration by Folin-Ciocalteau Method

2.10.1 Gallic acid stock solution

In a 100-mL volumetric flask, 0.500 g of dry gallic acid was dissolved in 10 mL of

ethanol and diluted to 100 mL with water. It was stored in refrigerator up to 2 weeks.

2.10.2 Sodium carbonate solution

Two hundred grams of anhydrous sodium carbonate were dissolved in 800 mL of

water and brought to boiling. After cooling, a few crystals of sodium carbonate was

39



added and after 24 h, filtered and completed to 1 L. To prepare a calibration curve, O,
1, 2, 3, 5, and 10 mL of the above phenol stock solution were added into 100 mL
volumetric flasks, and then diluted to 100 mL with water. From each calibration
solution, sample, or blank, 20 uLL were pippetted into separate cuvettes, and to each,
1.58 mL water and then 100 pL of the Folin-Ciocalteau reagent were added and
mixed well. After 5 min, 300 puL of the sodium carbonate solution were added, and
mixed. The solutions were kept at 20°C for 2 h and the absorbance of each solution
was determined at 765 nm. For white wines, 20 uL were added as for the calibration
solutions, but in the case of red wines, wines were diluted by 10 first, and then 20 pL.

were used as samples.

2.11 HPLC Analysis

HPLC analysis was conducted with a Varian ProStar HPLC by using Varian Pursuit
C18 (150 x 4.6 m, 5 um) column at 35°C Analysis was performed with a mobile
phase of formic acid/methanol (A/B) at a flow rate of 1.0 mL/min. The mobile phase
parameters are listed in Table 2.1. An VARIAN 330 PDA detector operating at a
wavelength 280 nm for gallic acid, catechin and syringic acid; 320 nm for vanillic-
caffeic, coumaric and ferrulic acid; and 360 nm for rutin, myricetin and quercetine
was used. The experiments were conducted in duplicate. All HPLC analysis were
performed in METU Molecular Biology and Biotechnology, Research and

Development Center.
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Table 2. 1 Mobile phase conditions for the HPLC analysis

Mobile Phase
A:B*

(For Gallic acid, Catechin, Syringic,
Vanillic-Caffeic, Coumaric and Ferrulic
acids)

0 min 0:100
25 min 0:100
60 min 20:80
63 min 20:80
64 min 0:100
70 min 0:100

A:B*

(For Rutin, Myricetin and Quercetine)

0 min 20:80
30 min 60:40
31 min 20:80

* A (Formic acid in water, 2.5 % v/v): B (methanol)
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CHAPTER 3

RESULTS AND DISCUSSION

The aim of this study was to investigate the use of cross-linked enzyme (tyrosinase)
aggregates (CLTA) obtained from crude mushroom extract for a rapid phenolic
concentration analysis in wines and to compare phenolic characteristics of Turkish
red and white wines. For this purpose, CLTAs were prepared by ammonium sulfate
precipitation of tyrosinase from the crude mushroom extract and cross-linking of the
formed aggregates by glutaraldehyde using the optimum CLTA preparation

conditions determined previously in our laboratory (Aytar and Bakir, 2008).

The preliminary experiments were carried out by employing pure tyrosinase and
crude mushroom tyrosinase as the enzyme, and these first efforts comprised the
investigation of their response towards several wine phenolics. The next stage
involved the examination of their response to different concentrations of phenolic

“solutions. Then, the CLTAs were prepared from the crude mushroom extract.

CLTAs of tyrosinase were tested for their response to different phenolics at different
concentrations and the reliability and reproducibility of the enzymatic test was also
examined. The response of CLTAs for phenolics in real wine samples was also

investigated. Afterwards, narrowing of reaction period was studied.

Later, 12 major phenolic compounds of wine were checked by CLTAs of crude
mushroom extract to see the selectivity of CLTAs. Besides, a phenolics mixture
which mimics the real composition of wine was also tested by CLTAs. Total
phenolics concentration (TPC) measurement of 10 commercial red wines and 3

commercial white wines, which are produced from the grapes of the different
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geographical areas of Turkey, were studied. Also the consistency of enzymatic test
was researched carefully by employing Folin-Ciocalteau method. Operational

stability and shelf-life stability of CLTAs were also investigated.

In addition to CLTAs, the enzyme obtained from a fungal microorganism,
Scytalidium thermophilum, was studied in this research for measurement of phenolic
content in aqueous environments. Its selectivity towards wine phenolics was
examined. Since this phenoloxidase is really a novel catalase having additional
phenol oxidase activity (CATPO), H,O,-dependent oxygenation of phenolics with
this enzyme was studied to check the possible positive effect of catalase activity (O

production) on phenolics concentration measurement.

3.1. Investigation of Tyrosinase Response to Phenolics

Tyrosinase as an enzymatic component oxidizes phenolics forming intensely colored
quinones. Using UV-Vis Spectroscopy, the formation of quinone can be observed

using their absorption characteristics (Harkensee et al., 2006).

In order to observe the response of tyrosinase to catechin, which is the most abundant
phenolic found in wines, pure mushroom tyrosinase is used. Figure 3.1 shows the

absorption data obtained for the reaction between catechin and tyrosinase.

The oxidation reaction was followed spectrophotometrically at 385 nm, which was
reported to be the maximum absorption wavelength of quinone oxidized from
catechin (Harkensee er al., 2006). Catechin was completely converted to quinone by
oxidation with excess tyrosinase and the formation of quinones led to significant
increase in absorption. The escalation in absorption values with the increasing
reaction time, as observed in the Figure 3.1, describes the behavior of an expected,

typical saturation curve of an enzymatic reaction.
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Figure 3. 1 Progress curve for the reaction of a 0,025 mM catechin solution with
pure tyrosinase (at 35°C, pH=7, Enzyme activity=270 U/ml)

Later, experiments were carried out to see the response of gallic acid, which is the
second most abundant phenolic of wine, by employing both crude mushroom
tyrosinase and pure tyrosinase. Crude mushroom tyrosinase was extracted from
Agaricus bisporus, also known as table mushroom and their oxidation reactions with
gallic acid solution was followed at 380 nm, which was reported to be maximum
absorption wavelength of quinone oxidized from gallic acid (Harkensee et al., 2006).
Figure 3.2 shows the absorption data obtained for the reaction between gallic acid
and both 2 types of tyrosinase. However, the expected 100% saturation couldn’t be
obtained even after 70" min for the case of crude mushroom tyrosinase because of
the much lower activity of crude mushroom tyrosinase relative to pure tyrosinase. If
the reaction would be allowed to continue without any product inhibition or enzyme

inactivation, the reaction most probably would stop after about 2 h.
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There are 3 different mass transfer limitations in the reaction of CLTAs with
phenolics; external and internal mass transfer limitations and reaction rate. Stirring
the aqueous environment by a magnetic stirrer helped to overcome the external mass
transfer limitations. Therefore, one of the other two limitations controls the
conversion. For a free enzyme soluble in aqueous environment, whether pure or
crude, product formation is controlled by reaction rate since there is no internal

diffusion.
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Figure 3. 2 Progress curve for the reaction of a 0.025 mM gallic acid with crude
mushroom and pure tyrosinase (at 35°C, pH=7, Enzyme activity=5.4 U/ml)

3.2 Measurement of Gallic Acid Concentration by Tyrosinase

Harkensee, et al. (2006) tried to develop a method called spectroscopic enzyme assay

for on-site measurement of total phenolics content in grapes and wines. When
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catechin, the most abundant phenolics in wine and pure tyrosinase react in the
presence of oxygen, they found that 95% of the catechin had been converted into
quinone in 15 min. Therefore, they used this finding for the other phenolics
measurements and assumed that a 15-min of reaction time is adequate to reach 95%

saturation value.

In our experiments, it has been observed that even after 70 min reaction time of
gallic acid with crude mushroom tyrosinase, saturation value doesn’t reach 100%
(Figure 3.2). For this reason, it is hard to estimate the saturation value of gallic acid
at 15™ min of reaction with crude tyrosinase. In phenolic concentration measurement,
an important point is to obtain a linear calibration curve for phenolics at different
concentrations. As long as the linearity of the calibration curve is preserved, the
saturation level is not so important. Hence, in order to verify whether 15 min is really
enough to obtain good linearity of calibration curve for the enzymes, pure tyrosinase,
crude mushroom tyrosinase, and CLTA were separately allowed to react with gallic
acid solutions for 15 min. The corresponding “absorption/U Enzyme” values
obtained spectrophotometrically at 380 nm at different gallic acid concentrations

were displayed in Figure 3.3.

It is known that phenolic concentration shows good correlation with the absorption
results obtained from the 15-min reaction with tyrosinase. Figure 3.3 shows a linear
correlation between the absorption of the enzymatic assay and the gallic acid
concentration. Also with regard to the different enzyme activities of different types
of enzyme preparations, reliable results were obtained using gallic acid as substrate.
For all enzyme types there was a good, linear correlation between absorption results
and the total phenolic concentration. However, in the experiments different gallic
acid concentration ranges were used for each tyrosinase. There is no special reason
for selection of different gallic acid concentration ranges but just because these three
experiment sets were performed at different times. The important point here is to

obtain linear calibration curves with the use of CLTAs.
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Figure 3. 3 Quinone absorption results of tyrosinase-gallic acid reaction. Also shown
are the corresponding results for (a) pure tyrosinase (E.Act=270U/mL), (b)
mushroom tyrosinase (E.Act=12.4U/mL) and (c) CLTA (E.Act=3.5U/mL) (at 35°C,
pH=7)

For all tested enzyme preparations, total phenolic contents of prepared gallic acid
solutions were calculated with enzymatic assay. After 15 min of reaction, absorption
spectrum obtained for the samples. Calibration curves were obtained for pure
tyrosinase, mushroom tyrosinase and CLTA in a concentration range of 0.06-1.0

mM, 0.30-5.0 mM and 0.30-10.0 mM, respectively. The calculated levels of gallic
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acid in the samples are placed in Table 3.1. The concentration range in real wine
varies between 7.5 and 15 mM. Since diluted samples were used in phenolic
measurements by enzymatic methods, this interval coincides with the ranges used in
construction of calibration curves. Therefore, all three types of tyrosinase exhibit

suitable ranges for total phenolic content detection.

Folin-Ciocalteau assay is the standard method for the detection of total phenolic
concentration in aqueous solutions (Waterhouse, 2001). The reagent is a solution of
polymeric ions formed from phosphomolybdic and phosphotungstic heteropoly
acids. It oxidizes phenolates, reducing the heteropoly acids to a blue MO-W
complex. The blue colored product is measured at 730 nm. The Folin assay is
commonly used in the wine industry worldwide, and the phenolic concentration is
expressed in terms of “total phenolics as gallic acid equivalents (GAE)”. This unit
was chosen because of the varying molecular weights of different phenolics. Since
the assay measures all phenolics, gallic acid is normally used as standard due to the
fact that it is available as a pure and stable solution. The total phenolic content is
always correlated to the signal obtained from a pure gallic acid solution. Thus the
results are expressed in gallic acid equivalent (GAE) concentration (Singleton et al.,
1999). The results obtained by the Folin-Ciocalteau assay are also shown in Table

3.1

Table 3.1 shows comparisons between total phenolic concentrations obtained using
the Folin-Ciocalteau method and those obtained using the enzymatic assay method in
accordance with the real gallic acid concentrations. Real gallic acid concentrations

were calculated by dividing weighted gallic acid amount to the volume.
As observed from the Table 3.1, the results of Folin assay validate the results of

enzymatic assays. There is relatively good agreement between the Folin-Ciocalteau

method and the enzymatic method. The difference in the values obtained by the two
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methods does not exceed 6% in sample tested with pure tyrosinase, 12% in sample

tested with mushroom tyrosinase and 19% in the sample tested with CLTAs.

Table 3. 1 Total phenolic content of gallic acid solutions

Pure . MllShI.‘OOlIl CLTA
Tyrosinase Tyrosinase
Enzymatic Assay 0.49 mM=+0.04 0.90 mM=0.05 2.5 mM=0.18

Folin-Ciocalteau Assay  0.52 mM=+0.01 1.02 mM=0.015 2 | mM=0.1

Real Concentration 0.50 mM 1.00 mM 2.0 mM

Error (%) 0.06 0.12 0.19

This result may be considered as relatively satisfactory in view of the considerable
differences in the two analytical methods used. This amount of difference is also

satisfactory for industrial applications.

3.3 Reproducibility of CLTAs

Reproducibility is an important criterion for the reliability of obtained results. Good
repeatability of the enzymatic assay with CLTAs was also essential for carrying out
stability experiments, which were based on comparison of activity under certain

conditions.

Three different batches of CLTA suspensions were prepared under the same
conditions. The repeatability of the assay was tested by measuring the conversion of
gallic acid into quinone with three different batches of CLTA suspensions using a

double-beam UV-Vis spectrophotometer.
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As demonstrated in Figure 3.4, calibration curves were obtained for the reaction of

gallic acid with all three batches of CLTA suspensions.
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Figure 3. 4 Quinone absorption results of reaction of 3 different batches of CLTAs
with gallic acid. (at 35°C, pH=7, E.Activities for CLTA1=12.83 U/mL, CLTA2=22.7
U/mL, CLTA3=38.185 U/mL)

Similar to the results for previous enzymatic test with CLTA, there was a good
correlation between the absorption results after a 15-min reaction with all three
different batches of CLTA suspensions. Both Figures 3.3(c) and 3.4 show linear
correlation between enzymatic assay and the total phenolic concentration, for four
different enzymatic tests of CLTA suspensions. Although the calibration curve
parameters appear to be different for each batch of CLTAs, their linearities are
relatively good. The difference between slopes is possibly due to the difference

between used enzyme concentrations. This is not a problem in enzymatic assays. The
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important thing is the consistency between the results of calibration curve and

quantified samples which are all calculated with the same enzyme.

To determine the accuracy of the results, a gallic acid solution was prepared and its
total phenol content was determined by both the enzymatic assay using all three
different CLTA suspensions and Folin-Ciocalteau assay. For all tested three different
batches of CLTA suspensions, the total phenolics content of gallic acid solution were

calculated and the results are given in Table 3.2.

Table 3. 2 Total phenol content measurements of gallic acid solutions with 3
different batches of CLTAs.

CLTA 1 CLTA2 CLTA3
Enzymatic Assay 1.70+0.18 mM 2.02+0.12 mM 2.20+0.09 mM
Folin-Ciocalteau . 51 M 2.00£0.01 mM 2.00+0.01 mM
Assay
Real Concentration 2.00 mM 2.00 mM 2.00 mM
Difference (%) 15.0 1.0 10.0

For all three trials of enzymatic assay with three different preparations of CLTAs, the
results of Folin assay confirm the results of enzymatic assays, again. There is clearly
good agreement between the Folin-Ciocalteau method and the enzymatic method.
The difference of values between the three trials actually does not exceed 15% in the
samples tested with CLTAs. Finally, the fact that the measurements have shown a
good repeatability allows the conclusion that our enzymatic assay of CLTAs has also

a good validity.
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3.4 Substrate Specificity of CLTAs

Analysis of the reactions of various wine phenolics with CLTAs was one of the
objectives of this study. For this reason, phenolic oxidation reactions were followed
for a number of different wine phenolics, and the results were compared with Folin-

Ciocalteau assay.

In this section, different phenolic substrates, such as catechin, caffeic acid and p-
coumaric acid were used to determine the substrate specificity of CLTA activity. The
oxidation reactions were followed spectrophotometrically at 385 nm for catechin,
350 nm for caffeic acid and p-coumaric acid, which were reported to be the
maximum absorption wavelength of quinones oxidized from these phenols
(Harkensee et al., 2006). Calibration curves were constructed using catechin, caffeic
acid and p-coumaric acid in a concentration range of 0.13-1.0 mM (37.7-290.0
mg/L), 0.03-1.0 mM (5.4-180.2 mg/L), 0.1-3.0 mM (16.4-492.5 mg/L), respectively.
Since, the phenolic amounts of diluted wines that are used to measure phenolic
content fall between these ranges (about 1 mM), it is safe to claim that CLTAs are

suitable for measurement of phenolic content of wines.

Table 3. 3 A comparison of phenolic ranges in wine and the ones in CLTA test
(Total phenolic content for red wine = 7.5-15.0 mM, for white wine = 1.5-2.5 mM ).

Phenolics Range in Wines CLTA Test Range
(mM) (mM)
Catechin 0.34-0.90 0.13-1.0
Gallic Acid 0.15-0.50 0.30-10.0
p-Coumaric Acid 0.063-0.120 0.1-3.0
Caffeic Acid 0.120-0.200 0.03-1.0
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As Table 3.3 exhibits, the phenolic ranges employed in CLTA test method more or
less overlap with the actual ranges existing in the wine, a fact which validates the
plausibility of the utilized method. Dilution is mandatory in phenolic measurement of
wines. Even though the separate ranges of phenolics appear to drop out of the tested
interval, that poses no problem since it is the total phenol concentrations that matters,

and both red and white wine TPCs stay within these ranges after dilution.

The Figures 3.5, 3.6, and 3.7 imply linear correlations between the absorption values
of the enzymatic assay and the total phenolics concentration for all samples. The
correlation coefficients were about 0.99 for all three standard phenolics. Considering
the different reaction rates of different phenolics, it is safe to claim that the reliable

results were obtained using the CLTA assay.
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Figure 3. 5 Quinone absorption results of CLTA reaction with catechin solution at
different concentrations (at 35°C, pH=7, E.Activity=38.185 U/mL)
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Figure 3. 6 Quinone absorption results of CLTA reaction with caffeic acid solution
at different concentrations (at 35°C, pH=7, E.Activity=38.185 U/mL)
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Figure 3. 7 Quinone absorption results of CLTA reaction with p-coumaric acid
solution at different concentrations (at 35°C, pH=7, E.Activity=38.185 U/mL)
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Again, catechin, caffeic and p-coumaric acid solutions at different concentrations
were prepared and their concentrations were measured by enzymatic assay of CLTA
and Folin-Ciocalteau method. For all tested three kinds of standard phenolics, the
total phenolics content of catechin, caffeic acid and p-coumaric acid concentrations

were calculated and the obtained results are given in Table 3.4.

The difference observed between the values of two methods actually does not exceed
1.6% in the tested catechin solution, 4% in the tested caffeic acid solution, and about
13% in tested p-coumaric acid solution. Folin-Ciocalteau method and enzymatic
method show a relatively good agreement in terms of their responses to the amount

of total phenol content.

Table 3. 4 Phenolic Content Measurement Correlation by enzymatic & Folin method

Catechin p-Coumaric
Caffeic Acid Conc.
Conc. Acid Conc.
0.123+0.016
Enzymatic Assay 0.24+0.05 mM 0.85+£0.15 mM
mM
Folin-Ciocalteau 0.125+0.002
0.25+0.001 mM 0.75+0.003 mM
Assay mM T
Real Concentration 0.125 mM 0.25 mM 0.75 mM
Difference (%) 1.6 4 13

As can be discerned from the above results, the enzymatic assay can be employed to
measure a broad range of phenolics of red wine and it provides a rapid and reliable

tool for the determination of total phenol content in aqueous environments.
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3.5 Phenolic Measurements in Real Wine Samples

CLTAs were tested in diluted wine solutions keeping pH between 6 and 7, without
affecting stability and functionality. Dilution factors of wine sample/buffer up to
maximum ratio of 1/5 enabled to keep pH within the optimum range, being pH of
undiluted real sample far from the values in which the enzyme reach the highest
efficiency. On the other hand, the strong matrix effect on the enzyme can be
overcome using diluted samples (Montereali et al., 2005). For this reason samples

were diluted by 1/10. This amount of dilution is also enough to obtain optimum pH

which is about 7 for CLTAs.
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Figure 3. 8 Quinone absorption/enzyme activity results of the enzyme reaction (both
free tyrosinase and CLTA obtained from crude mushroom extract) with red wine and
the results of the Folin-Ciocalteau assay (at 35°C, pH=7, E.Activity for CLTA=5.8

Phenolic Concentration [mmol (GAE)/L]

U/mL, for Free Enzyme=7.4 U/mL)
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The absorption after 15-min reaction of diluted red wine solution (1/10 dilution) with
both tyrosinase and the CLTA correlated with the results of the Folin-Ciocalteau
assay. Examination of the absorption data of reaction of tyrosinase and CLTA with
red wine against calculated total phenolic content of red wine with Folin-Ciocalteau

method is showed in Figure 3.8.

Similar to the findings for standard solutions, there was a good correlation between
the absorption results after a 15-min reaction with both free tyrosinase and tyrosinase
CLTA for red wine and the results of the Folin-Ciocalteau assay. Figure 3.8 shows a
linear correlation between the absorptions of the enzymatic assays and the calculated
total phenolic concentration determined using the Folin-Ciocalteau assay for real
sample. The correlation coefficients were R=0.9913 for free tyrosinase and

R=0.9758 for CLTA.

The CLTA of tyrosinase showed relatively good signals on real samples comparable

to the one in standard solutions.

3.6 Response Time Analysis

Due to introduction of mass transfer limitations and isolation of the enzyme from
other deactivating agents found in the aqueous environment, the immobilization
process is usually expected to alter the rate of bioreactions (Cao et al., 2003).
Besides, these immobilized enzyme aggregates (CLTAs) are planned to be used in
the biosensor applications. However, 15-min reaction time for determination of total
phenolic content is a poor performance time period for a biosensor measurement.
Therefore, the possibility of decreasing this time period to a minimum while still
preserving the linearity of calibration curve for standard solutions and real samples

was searched.
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As can been from Figure 3.9, the conversion of catechin into quinones with respect
to time usually happens through a logarithmic pathway. For example, while a 95%
conversion is attained at 15 min, only 2 min is sufficient for a 50% conversion. As
long as the linearity of the calibration curve is preserved, the saturation level is of no
concern. Thus, a logical narrowing of time period should follow a similar pattern. On
the other hand, the time period should be long enough to allow the experiment to be
carried out properly. Taking these two conditions into consideration, a quasi-
logarithmic time decrement was employed, resulting in the following time periods:

15 min, 1 min, and 10 sec.
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Figure 3. 9 Saturation curves for the reaction of different concentrations of catechin
solutions with pure tyrosinase (at 35°C, pH=7, E.Activity=270 U/mL)

For all the experiments performed prior to this point, a 15-min reaction time had

been employed for standard and real samples. As the previous data demonstrate,
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good correlations between concentration of phenolics and absorption values were

always obtained.

On the second step, gallic acid solution and red wine sample are separately allowed
to react with CLTA for 1 min. The calibration curves produced from both gallic acid
solution (concentration range: 118-1880 mg/L [0.625-10 mM]) and from the wine
sample (concentration range: 14-226 mg/L [0.075-1.2 mM]) are exhibited in Figures
3.10 and 3.11, respectively.

At low concentrations of gallic acid solution, particularly for 0.5 mM levels,
deviation from calibration curve was observed, probably due to lack of proper
diffusion of minute amount of CLTA used. Even, total phenolic content in a typical
wine is higher than these values, such as between 7.5-15 mM (1500-3000 mg/L) for
red wine or 1.5-2.5 mM (280-470 mg/L] for white wine. On the other hand, there
was a better correlation between the absorption results after a 1-min reaction with
tyrosinase for wine sample and the results of Folin assay, as shown in the Figure 3.11

below. This finding shows a parallelism with the results of Harkensee, et al. (2006).

Having been encouraged with this outcome, the next step was put into execution, i.e.,
the reaction for 10 sec, which was the shortest time possible to carry out the
experiment properly. Therefore, the experiment was repeated with gallic acid and red
wine, but the measurement was performed at the 10t sec, this time. Figures 3.12 and

3.13 below display the calibration curves obtained for these two solutions.
The calibration curves obtained for 10 sec of reaction time also provide very good

correlations between the concentration and absorption values of both the standard

solution (gallic acid) and the real sample (red wine).
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Figure 3. 10 Correlation between absorption of the 1-min CLTA reaction with gallic
acid concentration (at 35°C, pH=7, E.Activity= 7.4 U/mL)
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Figure 3. 11 Correlation between absorption of the 1-min CLTA reaction with red
wine samples and the results of Folin-Ciocalteau assay (at 35°C, pH=7, E.Activity=
7.4 U/mL)
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Figure 3. 12 Correlation between absorption of the 10-sec CLTA reaction with gallic
acid concentration (at 35°C, pH=7, E.Activity= 7.4 U/mL).
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Figure 3. 13 Correlation between absorption of the 10-sec CLTA reaction with red
wine sample and the results of Folin-Ciocalteau assay (at 35°C, pH=7, E.Activity=
7.4 U/mL).
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Again, the measurement at low concentrations leads to deviation. It can be concluded
that CLTAs can give incorrect results at low concentrations. For this reason, higher
dilution values than 10 times are not advisable. On the other hand, it is remarkable
that the real sample produced smoother lines than the standard solution, even though
it may contain many substances. CLTA may respond better to other phenolic acids
than gallic acid, or other substances such as ethanol, tartaric acid, etc. may enhance

the stability of the results due to the increase in enzyme activity.

Under the lights of these results, the reaction time was established as 10 sec, and
used thus at the further experiments. This significant diminution of reaction period
from 15 min to 10 sec is very promising regarding the biosensors that will make use

of the CLTAs as the detection agent in the future.

Although 10 sec was found to be an effective reaction period to perform TPC
measurements, it could trigger certain errors. Because, lower saturation level than
100% was obtained in 10 sec incubation period, measurements should be performed

exactly at 10"™ sec since the reaction did not come to end.

3.7. Selectivity of CLTAs

Spectrophotometry can detect quinones but not the phenolics because of their
different absorption characteristics at 350-380 nm. There are 12 phenolics that are
most abundant in red wine. The selectivity of tyrosinase was tested by contacting the
separate solutions of these phenolics with CLTAs in the presence of oxygen.
Tyrosinase normally converts phenolics into quinone. Therefore, by checking the
quinone levels through spectrophotometry, it was decided which phenolics of wine
had been reacted with the CLTAs. The measurements were performed at 380 nm,
since the absorption maxima of quinones of wine phenolics vary within a short range

of 350-380 nm to create a significant discrepancy (Harkensee, et al., 2006).
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Measurements of phenolics were performed in a synthetic wine matrix dissolving 3 g
of tartaric acid in 1 L of 12% v/v ethanol, in order to simulate the composition of real
wine samples and a suitable alcohol gradation. Standard solution was prepared and

calibration curves were obtained in this synthetic wine matrix for each phenolic.
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Figure 3. 14 Relationship between ferrulic acid concentration and absorption of the
CLTAs reaction with ferrulic acid for 10 sec reaction time (at 35°C, pH=7,
E.Activity= 15.8 U/mL)

According to the results, all compounds but the vanillic acid and syringic acid were
successfully oxidized by tyrosinase. The calibration curve of ferrulic acid is
displayed in Figure 3.14 above as a representative of 10 phenolics, which proved to
be responsive, with similar characteristics. Other calibration curves were given in

Appendix B.
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The calibration curve parameters of these are shown in Table 3.5. With regard to the
different reaction rates of different phenolics, reliable results can be obtained using
CLTA assay. Anthocyanins, caffeic acid, myricetin and rutin are more reactive than
other phenolics. When slope is higher, that means higher conversion of phenolics
into quinones occurs. In other words, at 10" sec of reaction, these phenolics reach
higher value of saturation than others do. Because phenolic mixture comprised all of

these phenolics, the slope of this mixture is like an average of slopes.

As stated in Table 3.5 and as Figure 3.15 depicts, out of all experimented phenolics,

only vanillic acid and syringic acid did not give any response.
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Figure 3. 15 The absorption values obtained for various concentrations of vanillic
acid and syringic acid (at 35°C, pH=7, E.Activity= 15.8 U/mL)
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There are clues in the previous literature as to the recalcitrance of these two
phenolics against oxidative actions of tyrosinase. Bollag et al. (1982) studied the
enzymatic oligomerization of vanillic acid and concluded that the oxidative coupling
of vanillic acid is not catalyzed by tyrosinase. The same group had also investigated
the oligomerization of syringic acid by phenoloxidases in 1981. Various oligomers
ranging from dimers to hexamers were determined. They also realized that syringic
acid was converted to 2,6-dimethoxybenzoquinone, and this monomer could not be
further oxidized by none of fungal enzymes. The nonresponsiveness of syringic acid
to tyrosinase could be due to the fact that it is mostly polymerized into many
oligomers and the amount of quinone portion could be very low to be detected.
Moreover, the generated quinone compound has the para- substitution pattern
contrary to the wusual ortho- quinone structure, easily detectable in the
spectrophotometer. Montereali er al. (2005) also suggest the same possibility on a
similar case, while developing a disposable tyrosinase biosensor for the analysis of
wine phenolics. When they could not get a response for some phenolics, they
ascribed that behavior to the mechanism of tyrosinases, introducing in the first step
of reaction pathway a hydroxyl group in ortho- position of phenol. The chemical
stabilization of the oxidized form (quinone) in ortho-, para- or meta- substitute
phenolics varies in their responses. The chemical stabilization of the oxidized form
(quinone) in ortho-, para- or meta- substitute phenolics varies in their responses as

demonstrated by resonance structures (Yaropolov et al., 1995).

When more than one phenolic are present in the same solution, such as the real wine,
it is possible that one or more specific phenolics may interfere with the tyrosinase
activity. For instance, it is demonstrated that p-coumaric acid, quercetin and some
other phenolics act as an inhibitor for tyrosinase (Seo et al., 2003). For this reason, it
was important to check if the detected quinone levels were to be affected by the

presence of other phenolic compounds around.
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In order to mimic the phenol composition of genuine red wine, a phenolics mixture
was prepared with reference to the values of three separate HPLC results of real red
wines previously published in the literature (Tarola et al., 2007; Gomez-Alonso et
al., 2007; Garcia-Falcon et al., 2007). The composition of the mimic mixture is given
in Table 3.6. A rough estimation of phenolic composition of this hypothetical mimic
mixture was done by presuming that all phenolic composition is formed from these
12 phenolics. This mixture was tested with CLTA to correlate the quinone level with
the phenolics concentration, and the resulting parameters of the experiment were
placed in the last row of Table 3.5. As these parameters imply, the phenolics mixture

also shows good linear correlation as other separate standard solutions (Figure 3.16).

Table 3. 5 The composition of the mimic phenolics mixture

Phenolics Concentration(mg/L) (%)
Catechin 156.5 31.3
Gallic Acid 78.0 15.6
Caffeic Acid 52.0 10.4
Vanillic Acid 52.0 10.4
Syringic Acid 36.5 7.3
Ferrulic Acid 26.0 52
p-Coumaric Acid 26.0 5.2
Quercetin 26.0 5.2
Rutin 15.5 3.1
Myricetin 10.5 2.1
Cyanidin 10.5 2.1
Malvidin 10.5 2.1

Total 500 100.0
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Figure 3. 16 Absorption results of reaction of CLTAs with a phenolic mixture at
different concentrations (Reaction Time=10 sec, at 35°C, pH=7, E.Activity=15.8
U/mL)

A genuine red wine (produced in 2007) was also put under the same reaction with
CLTAs and the absorption values were recorded. This absorption reading was put
into the calibration curve equation of phenolics mixture, and the corresponding
phenol concentration was calculated. On the other hand, Folin assay was applied to
the same red wine to find total phenol concentration. The value obtained from Folin
assay (2085 mg/L) verified the accuracy of enzymatic assay result (2188 mg/L), thus

the reliability of the phenolics mixture’s calibration curve.

3.8. Determination of Total Phenolics Content in Turkish Red Wines

Turkish red wines were used in the analysis of total phenolic content measurements.

Total phenolic compounds in Turkish wines are reported as 2000-3000 mg/L
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(Karakaya et al., 2001). Phenoloxidases (PO) act on —OH groups on phenolic
compounds. The total -OH groups were obtained via activity determination of

enzyme in red wine.

In determination of total phenolic content in Turkish red wines, Besthorn’s
Hydrazone Method was employed. In this method, MBTH interacts with the
quinones produced by the enzyme to yield red products instead of brown color

pigments in the absence of the color reagent (Ortega et al., 1993).

Figure 3.17 shows different concentrations of catechol solutions after reacting with
CLTAs in the presence of 0.3% MBTH solution. As can be seen from the
photograph, the most concentrated solution gives the most reddish color. It was just
as expected, because the red-colored compounds insinuate the existence of quinone-
MBTH complex amount; and it was most abundant in the first tube, while it was

non-existent in the last tube where no color change was observed.

The application of the MBTH-coupled assay to the determination of total phenol
amount of wines with tyrosinase has various properties and advantages over other
methods. First, the MBTH assay of tyrosinase is approximately 8-times more
sensitive than the commonly used methods, employing phenolics as substrate.
Besides, the method can be employed to assay a high variety of phenolics. It is useful
for phenolics with both cyclizable and non-cyclizable side-chains. Moreover, the
presence of MBTH in the reaction is reported not to modify the kinetic constants of
tyrosinase on its phenol substrates. One other advantage is that it may be quickly and
routinely performed with standard laboratory spectrophotometers. This method
provides a high molar extinction coefficient in the visible region of the spectrum,
where tyrosinase, monophenols, and o-diphenols do not exhibit absorbance maxima.
The method is effective even when micro amounts of tyrosinase is present in the

environment (Rodriguez-Lopez, et al., 1993).
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Figure 3. 17 The appearance of test tubes containing different concentrations of
catechol after reacting with CLTAs in the presence of MBTH. (Reaction Time=10
sec, pH=7, T=35°C, E.Activity= 25 U/mL)

It has become apparent that the phenol oxidation by immobilized tyrosinase is caused
only by an enzymatic action. Although the color of reaction solution was changed to
red by immobilized tyrosinase, the immobilized tyrosinase itself was not colored.
This finding suggests that phenol oxidation products (such as quinones) do not react

with immobilized tyrosinase and do not absorb on the enzyme.

Ten commercially available red wines produced from different grape cultivars grown
in different regions of Turkey were analyzed in terms of their total phenol contents
by both Folin-Ciocalteau method and enzymatic method of CLTAs. The pH values
of untreated real samples are usually far from the values in which the enzyme
reaches the highest efficiency (Montereali, et al., 2005). On the other hand, too much
dilution would lead to different problems, such as dissolved oxygen depletion.
Hence, the red wine samples were diluted at a ratio of 1/10, before the enzyme was

introduced in order to keep the pH within the optimum range.
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Dilution also helps to overcome the strong matrix effects of real wines on
the enzyme. The results obtained for both mentioned methods are

displayed in Table 3.7.

Yildiz et al. (2005) stated that the results for phenolic determination by
using free enzyme give very small values when compared with the actual
concentrations. It is known from the literature that benzoates act as
inhibitors for free PO. So, PO is inhibited by benzoates, found naturally in
wines, before it completes enzymatic reactions. However, the results of
our experiments did not differ too much from the real values obtained by
Folin-Ciocalteau assay. This was a good demonstration of several

advantages of CLTAs over the free enzyme methods.

Previous studies suggest that immobilized PO was protected by the matrix
entrapping it and was not affected by the inhibitors found in wines (Lopez
et al., 2001, Kiralp et al., 2003, Kiralp et al., 2004, Kiralp et al., 2006).
Probably, the cross-linked structure of enzyme aggregates also brought

into being a similar effect.

Brand I and Brand II have the highest phenolic content as displayed in
Table 3.7. This might be emanating from the peculiar traits of Bogazkere
and Karalahna grapes, or rather from the aging factor. A few of the
samples exhibited slight deviations from the real values, which can be
attributed to the relative selectivity of tyrosinase towards the oxidation of
certain phenolics. The difference between mechanisms of methods can
also lead to this difference. Higher amount of inhibitors in wines can

decrease the activity of CLTAs.
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3.9. Determination of Total Phenolic Content in Turkish White Wines

The assay procedure explained in Section 3.8 was applied in the same way
for white wines. Three commercially available white wines produced from
grapes coming from different regions of Turkey were analyzed in terms of
their total phenol contents by both Folin-Ciocalteau method and enzymatic

method of CLTAs.

The only difference is that white wines were not diluted because of their
low phenolic content. Besides, their pH value doesn’t create a problem for
CLTAs. The results obtained for both mentioned methods are displayed in
Table 3.8.

The results of enzymatic assay are found to be comparable to the values of
phenolic compounds obtained by Folin-Ciocalteau method in Turkish
white wines. According to Folin-Ciocalteau method Brand XIII contains
the most phenolic amount among three white wines. This result was also

confirmed by CLTAs.

Phenolic amount in white wines are much lower than in red wines. The
main reason is that grape juice used to make red wine contains skins,
seeds, and stems. This is significant for the following reason: leaving juice
to mix together with the woody bits (known as maceration) causes the
finished product to contain tannins. Tannins can lend a wonderful
complexity to a red wine. In addition to that most of the phenolic
substances are found in the seeds and skins of the grapes. As a general
rule, red wine phenolics are heavier and more complex than white wines.
White wines don’t have most of the anthocyanins which give the red color

to wines.
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3.10 HPLC Results

The phenolic content analysis of 10 commercially available red wines produced from
grapes of Turkey was also performed by HPLC technique. Although it is known that
red wine samples have much higher number of different phenolic substances,
analysis was performed for only 10 different wine phenolics which are known as the
most abundant ones in red wines. The results of phenolic compounds for selected red
wines are shown in Table 3.9. Gallic acid and catechin turned out to be the most

abundant phenolics in red wines as expected from literature data.

Moreover, the data may provide us with some information on the wines and the
grapes of different regions. Brand IX, for example, is produced from
Karasalkim/Gamay/Kalecik Karas1 grapes, and as can be seen from Table 3.9, the
tested 10 phenolics comprise almost all of its phenolic content. However, for Brand
VI, these 10 phenolics comprise about 20% of its total polyphenol content.
According to the Robichaud et al. (1990), the monomeric catechins are bitter and
astringent. However, in the polymer, the bitterness is minimal, but the astringency
remains. Taking this finding into consideration, we can expect Brand IV to be the
most astringent without consulting to an expert. Then comes Brand VIII and Brand
IL, and these three are probably are more bitter than the others. The results also imply

that Kalecik Karasi, Siraz and Karalahna grapes are rich in catechin amount.

Coumaric acid, on the other hand, is discovered by previous studies to result in
substantial variations in the color of the wine (Bloomfield ez al., 2003, George et al.,
2001). Moreover, p-Coumaric acid has antioxidant properties and is believed to
reduce the risk of stomach cancer by reducing the formation of carcinogenic
nitrosamines (Kikugawa et al., 1983, Ferguson et al., 2005). Brand IX and Brand I,

thus, seem more promising in terms of preventing stomach cancer.
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These two brands are also rich in ferrulic acid, which is a strong antioxidant and
helps the immune system of the body (Kong et al., 2007). Gallic acid, like other

phenolics, has also antioxidative properties.

According to HPLC-results, the wine that has the highest amount of myricetin and
quercetin is produced from Okiizgozii grapes (Brand VI). Price et al. (1995) have
shown that red wines coming from lower yielding vines with better sun exposure of
the fruit have at least three-fold higher levels of flavonols, suggesting that the levels
of these compounds in grapes may be a useful indicator of grape sun exposure and
perhaps quality. The fact that Bogazkere and Gamay grapes were used in the
production of wines containing the lowest myricetin and quercetin levels may augur
that these grapes were grown on rather fecund vines, thus allowing to lesser sunlight

exposure.

Quercetin is a flavonoid with a wide range of biological activities. It mainly occurs in
plants as glycosides, such as rutin (quercetin rutinoside) in wine. Quercetin and rutin
are reported to be used in many countries for blood vessel protection and are
ingredients of numerous multivitamin preparations and herbal remedies (Sahelian,

2007).

3.11 Operational Stability of CLTAs

The major disadvantage in the enzymatic measurement of phenolics is the
inactivation of the enzyme by quinones, and thus, no reusability. Immobilization of
tyrosinase was investigated in an effort to overcome these problems. The CLTAs
show promising results, and in future the method may be successfully incorporated
into a biosensor to detect phenolics contents in aqueous environments. A desirable
biosensor should be able to maintain its effectiveness through many repetitive

usages. So as to elucidate the ability of immobilized tyrosinase to be used repeatedly,
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catechol oxidation on repeated treatments was carried out. The CLTAs were washed
by buffer solution and sieved through a filter paper after each treatment until no
activity was observed in the collected filtrate. Catechol solution was replaced after
each washing step, but the same CLTAs were continued to be used. Figure 3.18
depicts the results of 30 repetitive runs with the same CLTAs. The absorption values
fluctuated a little, but never ceased to stay within a small range, thus proving the

stability of the method convincingly.
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Figure 3. 18 Operational Stability of CLTAs (at 35°C, pH=7, E.Activity=25 U/mL)
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3.12 Shelf-Life Stability of CLTAs

Enzymes can easily lose their catalytic activity and denatured, so careful storage and
handling of enzymes are important. The CLTAs were stored in buffer solution at to
ease handling and to prolong the shelf-life of the enzyme. As Aytar et al., (2008)
indicated storage temperature (room or refrigerator temperature) had no effect on the

CLTAs activity. So, stability of CLTAs was examined by means of time.

For the shelf life determination of the CLTAs, the activities of CLTAs were checked
every week throughout 50 days. Figure 3.19 shows the shows the effect of storage
time on the activity of the immobilized tyrosinase. The rate of loss of activity of the
CLTAs was very low for first days, retaining 98% of the initial activity after 15 days.
After 15th day, enzyme activity decreased (not much however) to 90% and stayed
constant up to 50" day. A long shelf-life and acceptable stability for enzyme is

present in the form of CLTAs.
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Figure 3. 19 Shelf-life of CLTAs (at 35°C, pH=7, E.Activity=8.75 U/mL)
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3.13 Measurement of Phenolic Concentration by Scytalidium thermophilum

Phenol Oxidases, CATPO

Ogel, et al., (2006), affirmed that Scytalidium thermophilum produces a single major
extra-cellular phenol oxidase on glucose-containing medium. It was declared that the
extracellular phenoloxidase behaves more like a laccase due to oxidation of the
amino-aromatic compound ADA, as suggested by Rescigno et al. (1997). However,
according to Sutay ef al. (2008), culture supernatant showed catechol oxidase activity
but no laccase-like activity since the pure enzyme oxidizes neither syringaldazine nor
ABTS which are accepted as unique substrates for true laccase activity (Burke and
Cairney, 2002). In addition to that, it was confirmed that tyrosine is not hydroxylated
by enzyme, showing absence of the cresolase activity. Thus, the enzyme shows

neither tyrosinase like nor laccase like activity.

In 2008, Sutay et al. after purification, characterization, and amino acid sequencing
of this enzyme, revealed that this enzyme is actually a catalase, displaying an
additional phenol oxidase activity. It was described as a bifunctional enzyme,

catalase-phenol oxidase (CATPO) from the thermophilic fungus, S. thermophilum.

Catalases (EC 1.11.1.6) are metalloenzymes that catalyze the degradation of
hydrogen peroxide (H,O,) to dioxygen and water (Goldberg and Hochman, 1989).
This function is important in a phenol oxidation reaction because oxygen
concentration in the environment as high as possible. It was known that increase in
oxygen concentration will result in increase in product in a phenol oxidation reaction
if oxygen concentration is low. Because our phenolic measurement method is based
on the measurement of phenolic concentration, presence of O, at high concentration

can improve the method.
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It was found that certain phenolic acids, specifically gallic acid and tannic acid,
induce the expression of the enzyme (Sutay et al., 2008). Under the light of these
information, to see the selectivity of this CATPO against other wine phenolics,
various phenolic substrates; catechin, p-coumaric acid, caffeic acid, vanillic acid,
syringic acid, quercetin, ferrulic acid, rutin were used to examine the substrate

selectivity of S.thermophilum catechol oxidase enzyme.

Both syringic and vanillic acids gave no response, as observed with tyrosinase.
Figure 3.20 displays the absorption values for reaction of CATPO with vanillic and
syringic acids. As a result, it can be claimed that, syringic and vanillic acids can’t be

hydroxylated by the enzyme produced from S.thermophilum.
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Figure 3. 20 The absorption values obtained for the reaction of vanillic acid and
syringic acid with CATPOs. (Reaction Time=10 sec, at 60°C, pH=7, E.Activity=40
U/L)
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Figure 3. 21 Saturation curve for reaction of 500 mg/L phenolics with CATPO
withoutt H,O; (a) ferrulic acid (b) rutin (c) quercetin (d) p-coumaric acid (e) caffeic

acid (f) catechin (at 60°C, pH=7, E.Activity=40 U/L)

82



Saturation curves of 6 phenolics (catechin, caffeic acid, p-coumaric acid, quercetin,
ferrulic acid, rutin) are displayed in Figure 3.21, which proved to be responsive, with
similar characteristics. As can be seen from the Figure 3.21, formation of quinones
from phenolics, demonstrate a rapid increment in 10 sec. The differences between
curves can be explained as a result of impurities in enzyme solution. Although there
are some differences between saturation curves, it can be concluded after 10™ sec the
increment rate decreases with a high proportion. Thus, a reaction time of shorter than
10 sec should be chosen for further experiments which can cause problems in
application. To increase this period, enzyme solution can be diluted more and
reaction rate is decreased. Although, more research should be performed to optimize
this incubation period, 10 sec was chosen as incubation period for all other further

experiments.

o Gallic Acid
3 q m Catechin
A p-Coumaric Acid
—— Caffeic Acid
2,5 - x Quercetin
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Absorption
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Figure 3. 22 Quinone absorption results of the CATPO reaction with phenolics for
10 sec reaction time (at 60°C, pH=7, E.Activity=40 U/L)
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Calibration graphs were obtained for 7 phenolic compounds (gallic acid, catechin,
caffeic acid, p-coumaric acid, quercetin, ferrulic acid, rutin) which gave response
against CATPO of S.thermophilum. The calibration curves of phenolics are displayed
in Figure 3.22 above as a representative of 7 phenolics, which were proved to be
responsive. The main analytical data of calibration curve parameters of all phenolics

are reported in Table 3.10.

Although gallic acid and quercetin showed lower linear correlations in comparison
with previous results of reaction with CLTAs, relatively good linear correlations
were obtained for all 7 phenolics of wine. Better linear ranges were achieved for
caffeic acid, p-coumaric acid, quercetin and rutin than the ones were obtained from
reaction with CLTAs. Calibration curve slopes of caffeic acid and rutin are higher
than other phenolics’, as observed with CLTAs. This means that, reaction rates of

these phenolics are higher than other phenolics’.

3.14 Effect of H,O, on CATPO Activity

It was reported that, the enzyme obtained from S.thermophilum is a bifunctional
catalase, with an additional catechol oxidase activity (Sutay et al., 2008) Thus,
S.thermophilum enzyme exhibits a unique function, oxygen atom transfer from the
peroxo intermediate of enzyme to phenol substrates, which is an attractive process of
the enzyme. During enzyme catalyzes the dehydrogenation of catechols to the
corresponding o-quinones (catecholase activity), O, must exist in the environment.
Enzyme can convert hydrogen peroxide found in environment into oxygen. So the
presence of H,0, in the environment can accelerate the reaction of catechol

oxidation and therefore the amount of product (o-quinone) could be redounded.

In order to see the effect of H,O, on oxidation of phenols, two samples of the same

concentration of gallic acid solution was prepared. H,O, was added to first sample,
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whereas buffer was put in the other solution instead. The enzyme of S.thermophilum
was included in both of them. After 15 min, sulfuric acid was added to stop
enzymatic reaction. It inactivates the active sites of enzyme. After that, final total
phenolic contents of the solutions were measured by Folin-Ciocalteau method. The

results obtained for two samples are reported in Table 3.11.

Table 3. 6 Total gallic acid concentration of samples before and after the reaction

SAMPLE 1 SAMPLE 2
(Gallic Acid Solution (Gallic Acid Solution
+H,0,+CATPO) +CATPO)
Initial Concentration
(me/L) 500 500
Final Concentration 276.5 +47.7 427.9 +12.1

(mg/L)

Phenol oxidase activity of CATPO is very low in comparison with tyrosinase. So
even if 15 min reaction is allowed, only 14.42 % saturation value had reached.
However, when H,O, was introduced in the environment, the saturation value raised
to 44.7% which is 3 times of saturation value of CATPO. This can be explained as a

result of increasing concentration of oxygen in solution.
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CHAPTER 4

CONCLUSIONS & RECOMMENDATIONS

The aim of this study was to investigate the use of cross-linked enzyme (tyrosinase)
aggregates (CLTA) obtained from crude mushroom extract for a rapid phenolic
content analysis in wines and to compare phenolic characteristics of Turkish red
wines. These CLTAs prepared from crude mushroom tyrosinase are targeted to be
incorporated into a biosensor to detect polyphenol contents in aqueous environments.

For this purpose, CLTAs were tested in the detection of phenolic compounds.

Ten commercially available red wines and three white wines produced from grapes
of different regions of Turkey were analyzed in terms of their total phenol contents
by both Folin-Ciocalteau assay and CLTAs. The results of the experiments were
consistent with the real values obtained by Folin-Ciocalteau assay. Wines produced
from Bogazkere and Karalahna grapes were found to contain highest amount of
phenolic compounds among all, while Kalecik Karasi led to the lowest phenolic
content. Among white wines, on the other hand, the one produced from Emir grapes

had the highest phenolic content.

Furthermore, CLTAs prepared from crude mushroom tyrosinase exhibited very high
operational stability and retained more than 90% of its activity after 30th use.
Besides, it showed good shelf-life stability for about 2 months by retaining 90% of

its activity.
In addition to CLTAs, the enzyme (CATPO) obtained from a fungal microorganism,

S.Thermophilum, was studied in this research for measurement of wine phenolics. It

showed selectivity towards syringic and vanillic acid, as in the case of CLTAs.
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Moreover, catalase-phenol oxidase activity (H,O,-dependent oxygenation of
substrates) of the enzyme increased with the addition of H,O, in the aqueous

environment.

The presented bioanalytical measurement technique provides a rapid and reliable
determination of phenolics in aqueous solutions such as wine. It was also shown that
the CLTA is a stable and recyclable biocatalyst. Furthermore, automation of the
presented method is easily achievable and will enable the control of total phenolics

content during all process steps.

The CLTAs show promising results, and in future the method may be successfully
incorporated into a biosensor to detect polyphenol contents in various aqueous
environments. For further studies, more efforts on measurement of wine phenolics by
using CATPO produced from S.thermophilum should be spent. Then, the studies to
find a suitable enzyme to oxidize phenols that are not oxidized by fungal enzymes
(CATPO & CLTA) are necessary. Co-immobilization of different enzymes is also

possible.
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APPENDIX A

MEDIUM COMPOSITIONS

YpSs Agar Medium

4.0 g/LL Yeast extract
20.0 g/ Agar

Preculture Medium

4.0 g/LL Yeast Extract
1.0 g/L K;HPO4

0.5 g/L MgS0,.7H,0
10.0 g/L Glucose

Mainculture Medium

4.0 g/LL Yeast Extract
1.0 g/L K;HPO4

0.5 g/L MgS0,.7H,0
0.1 g/L CuS04.5H,0
10.0 g/L Glucose
(0.17 g/L Gallic Acid)
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APPENDIX B

CALIBRATION CURVES FOR CLTA
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APPENDIX C

MOLECULAR STRUCTURES OF PHENOLICS

a.Gallic Acid
O OH
HO OH
OH
c.Caffeic Acid
OH
o
3 OH
OH
e. Ferulic Acid
9]
CHs0 N

OH
HO

b.Catechin

OH
HO (o] m@i
¥ OH

OH

d. p-Coumaric Acid

f.Vanillic Acid
8]
OH
HO
OCH3
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g. Syringic Acid h.Quercetin

o

~0 OH
HO

i. Myricetin

k. Malvidin 1. Rutin
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1.

APPENDIX D

SATURATION CURVES

Crude Mushroom Tyrosinase (Catecholase Act=6.49 U/mL) Reaction

a)l mM Gallic Acid Solution

Absorption [380 nm]

0.16
0.14
0.12
0.1
0.08
0.06
0.04
0.02
0

10 20 30

Reaction Time [min]

¢) 0.25 mM Gallic Acid Solution

Absorption [380 nm]

0.07
0.06
0.05
0.04
0.03
0.02
0.01

40

20
Reaction Time [min]

40
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b) 0.5 mM Gallic Acid Solution

0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

0

Absorption [380 nm]

0 10 20 30 40

Reaction Time [min]

d) 0.125 mM Gallic Acid Solution

0.035
0.03
0.025
0.02
0.015
0.01
0.005
0

Absorption [380 nm]

0 20 40
Reaction Time [min]



2. Crude Mushroom Tyrosinase (Catecholase Act=18.67 U/mL) Reaction

a) 0.5 mM Gallic Acid Solution b)0.25 mmol Gallic Acid Solution
0.25 0.12
T B
E o) £ 01
2 R 0.08
[»#] |
™M 015 o
c £ 0.06
] 2
3 01 2 0.04
2005 2 002
< <
0 0
0 20 40 60 0 20 40 60
Reaction Time [sec] Reaction Time [min]

¢) 0.125 mM Gallic Acid Solution

0.07
0.06
0.05
0.04
0.03
0.02
0.01

Absorption [380 nm]

0 20 40 60
Reaction Time [min]
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a) 0.04 mM Gallic Acid Solution

/‘W‘

Absorption [380 nm]

Crude Mushroom Tyrosinase (Catecholase Act=3.75 U/mL)

Reaction

0.03
0.025
0.02
0.015
0.01
0.005

0

Reagt(i)on Timeqﬁ'nin]

60
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b) 0.03 mM Gallic Acid Solution

Absorption [380 nm]

0.03
0.025
0.02
0.015
0.01
0.005

peetentl

0 20 40 60
Reaction Time [min]



